Overview of trace metals in the urban soil of 31 metropolises in China  by Cheng, Hangxin et al.
Journal of Geochemical Exploration 139 (2014) 31–52
Contents lists available at ScienceDirect
Journal of Geochemical Exploration
j ourna l homepage: www.e lsev ie r .com/ locate / jgeoexpOverview of trace metals in the urban soil of 31 metropolises in ChinaHangxin Cheng a,b,c,⁎, Min Li d, Chuandong Zhao a,b, Kuo Li a,b, Min Peng a,b,
Aihua Qin a,b, Xiaomeng Cheng c
a Key Laboratory of Geochemical Cycling of Carbon and Mercury in the Earth's Critical Zone, Institute of Geophysical & Geochemical Exploration, Chinese Academy of Geological Sciences,
Langfang 065000, China
b Geochemical Research Center of Soil Quality, China Geological Survey, China
c School of Earth Sciences and Resources, China University of Geosciences, Beijing 100083, China
d China Geological Survey, Beijing 100037, China⁎ Corresponding author at: Key Laboratory of Geoch
Mercury in the Earth's Critical Zone, Institute of Geophys
Chinese Academy of Geological Sciences, Langfang 0
2267630; fax: +86 316 2014156.
E-mail address: hangxin@vip.sina.com (H. Cheng).
0375-6742 © 2013 The Authors. Published by Elsevier B.V
http://dx.doi.org/10.1016/j.gexplo.2013.08.012a b s t r a c ta r t i c l e i n f oArticle history:
Received 4 February 2013
Accepted 18 August 2013
Available online 28 August 2013
Keywords:
Trace metal
Contamination
Urban soil
Cities
ChinaThis overview provides an up-to-date assessment of the trace metal contamination (As, Cd, Cr, Cu. Hg, Ni, Pb, Sb,
Se, and Zn) in urban soils of 31 metropolises in China. This systematic soil geochemical survey summarizes the
characteristics of trace metals in Chinese urban soils, including concentration, accumulation, spatial distribution,
andmajor sources.Mercurywas rankedﬁrst followed by Cd and Se in geo-accumulation among all of the contam-
inantmetals in urban soils in China; thisﬁnding is likely due to theHg and Se emissions from fossil fuels. However,
the lack of studies on Se contamination in urban soils, not only in China but also in the rest of the world, implies
that Se contamination may have been unobserved for a long time. Shanghai, Kunming, Shenyang, and Changsha
may be some of the most heavily contaminated Chinese cities based on the concentrations, spatial dimensions,
and associations among the contaminant metals. Numerous hotspots with high concentrations of metals were
found in Changsha, Shanghai, and Shenyang, clearly indicating a signiﬁcant contribution from both the metallur-
gical industry and smeltmining to the contamination of urban soils. Conversely, the levels of Sb, Cu, and Cd inKun-
ming originated from their naturally high geochemical background in soils. Heavy Se contamination was found in
Guiyang and Taiyuan. The natural source of Se may be important in deﬁning the pattern of pollution in Guiyang,
whereas anthropogenic sources are likely more accurate than is the natural background in Taiyuan city. We re-
view the existing limits and types of pollutants in the current soil guidelines and ﬁnd that an international agree-
ment on the range of the limits and the types of pollutants contained in the soil guidelines is urgently needed.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
The scale and pace of urbanization and industrialization have rapidly
increased since China underwent an overall reform 34 years ago. Statis-
tics show that the number of cities in China grew from 122 in 1978 to
655 in 2011, whereas the urban population unpredictably rose from
17.9% of the total population in 1978 to 51.3% in 2011 (National
Bureau of Statistics of China, 2011, 2012). Consequently, a steady rise
in the emission of trace metal contamination in urban areas has been
observed. The pattern of contamination is evident not only in local,
highly concentrated sites in urban areas, but also in areas of low con-
tamination that are widely dispersed throughout soil, atmosphere,emical Cycling of Carbon and
ical & Geochemical Exploration,
65000, China. Tel.: +86 316
. Open access under CC BY-NC-SA licewater, and plants in the Earth's critical zones. The contamination has
resulted in the deterioration of the air, soil, and water quality in China
(Chan and Yao, 2008; Cheng, 2003; Fu et al., 2012; Luo et al., 2012;
Rose and Shea, 2007; Shao et al., 2006; Wong et al., 2006).
Urban areas are themost densely populated regions of theworld be-
cause of their strong industrial and economic activities. Urban soil,
which is strongly inﬂuenced by anthropogenic activities, differs greatly
fromnatural soils (Bullock andGregory, 2009) and receives amajor pro-
portion of trace metal emissions from industrial, commercial, and do-
mestic activities. Urban soils continuously accumulate organic and
inorganic pollutants from either localized or diffuse sources (Luo et al.,
2012). The typical diffuse pattern of these contaminations and the prox-
imity of urban soils to humans increase the risk of human exposure
through inhalation, ingestion, or dermal contact (Abrahams, 2002;
Ajmone-Marsan and Biasioli, 2010). Therefore, recognizing the spatial
distribution and concentrations of toxic and potentially toxic elements
in urban soils in China is vitally important.
Approximately 32 urban soil contamination and geochemical sur-
veys or projects have been initiated in China since the 1990s, covering
cities in areas such as the Yangtze River Delta and the Pearl River
Delta in Eastern and Southern China, the Bohai Rim in the north, thense.
32 H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52Old Industrial Zone in the northeast, the Chengdu–Chongqing Plain in
the west, and some cities in the northwest (Table 1). The methodologi-
cal approaches employed in the majority of the studies show that the
sampling schemes and analytical procedures used in these urban soil
geochemical surveys vary (Luo et al., 2012). The sampling strategies
can be divided into the following two categories based on their sam-
pling patterns:
(i) A random sampling pattern reﬂects different land use purposes
or functional zones such as residential, commercial, and industri-
al areas. The soil samples are randomly collected from urban
parks, green lands, and city roadsides (Cai et al., 2013; Chen
et al., 2010a, 2010b; Guo et al., 2012; Liang et al., 2009; Lu and
Bai, 2010; Lu et al., 2007; Sun et al., 2010; Wang and Qin, 2007;
Zhang and Ke, 2004; Zhang et al., 2009; Zheng et al., 2008;
Zhou et al., 2008). In most cases, the sampling points in this pat-
tern are heterogeneously distributed throughout areas with seri-
ous contamination and do not cover the entire city area.
However, trace metals usually accumulate in the urban topsoil
and appear to be more concentrated in the central or older
areas of cities because of their longer development history com-
pared to the suburbs. The concentration of metals in urban soils
obtained for this samplingpatternmaynot give anaccurate over-
view of the concentration and distribution of trace metals in an
entire city area.
(ii) The systematic sampling pattern is also known as “grid or cell
sampling” in China. The sampling points in studied areas are ran-
domly distributed based on a regular grid of n × n km (usually
1 × 1 km), with each grid having at least one sampling point
(Cheng et al., 2013; Lee et al., 2006; Li and Huang, 2007; Li
et al., 2010, 2013; Yang et al., 2011). This sampling strategy is
used to reduce the possibility of a sampling bias that mayTable 1
Sampling methods and heavy elements found in the 32 existing urban soil geochemical survey
No of samples Sampling pattern Sampling depth/cm Determin
As Cd
Baoji 10 Systematic 10
Beijing 773 Random 20 ✓
261 Systematic 20
285 Systematic 20
127 Random 20 ✓
Changchun 352 Systematic 20 ✓ ✓
Changsha 112 Random 20 ✓ ✓
Chongqing 48 Random ✓ ✓
Fuyang 286 Random 20 ✓
Fuzhou 179 Systematic 20 ✓ ✓
Guangzhou 40 Random 10 ✓
78 Random 20 ✓
Guiyang 50 Random 5 ✓
Haerbin 23 Random 10 ✓
Hangzhou 82 Random 10 ✓
182 Random 10 ✓
Hefei 169 Systematic 20 ✓
Hong Kong 48 Systematic 15 ✓
594 Random 10 ✓
Lanzhou 88 Random 10
Nanjing 138 Random 20
Shanghai 273 Random 10 ✓
Shenyang 93 Systematic 15 ✓ ✓
36 Random 5 ✓
Shijiazhuang 220 Systematic 20 ✓ ✓
Ürümqi 428 Systematic 20 ✓ ✓
Xi'an 53 Random 15 ✓
78 Systematic 20
Xiamen 20 Random
Xuzhou 21 Random 10 ✓
Yibin 63 Random 5 ✓
Zhengzhou 30 Random 20
9 22result from collecting an unrepresentative average sample
because of the high portion of subsamples from the same re-
gion. Several subsamples are taken and mixed thoroughly to
obtain a bulk sample for the sampling site. The proﬁle of the
top 0 to 10 cm or 0 to 20 cm of soils at each sampling point
is taken using sampling tools from the two sampling patterns
(Table 1).
The trace elements determined in these studies are highly diverse in
both type and number and vary from city to city and from project to
project in the same city. Except for those shown by Fuzhou, Fujian Prov-
ince, less than eight heavymetal elements (As, Cd, Cr, Cu, Hg, Ni, Pb, and
Zn) have been reported in all of the 32 existing urban soil geochemical
surveys (Table 1). The elements most commonly studied in the 32 pro-
jects are Cu and Pb (29), Zn (26), Cd (22), and Cr (20); As (9), Hg (10),
and Ni (15) received less attention.
These differences in the variability of the sampling schemes, an-
alytical procedures, and areas covered hinder meaningful compari-
sons among these studies. An international agreement on the range
of elements and standardized methodologies to produce compara-
ble datasets in different locations is urgently needed (Ajmone-
Marsan and Biasioli, 2010; Luo et al., 2012). Nevertheless, the distri-
bution, dispersion, and geochemical characteristics of some trace
metals in the urban soils of Chinese cities and many other cities
around the world have been widely compared and discussed in re-
cent reviews (Ajmone-Marsan and Biasioli, 2010; Luo et al., 2012;
Wei and Yang, 2010).
Systematic geochemical mapping is the best method available for
assessing and monitoring changes in the levels of chemical elements
on the Earth's surface. As a result, in 1999 China launched a new soil
geochemical mapping project called the National Multi-Purpose
Regional Geochemical Survey (NMPRGS) (Li et al., 2014).s.
ed elements Reference
Cr Cu Hg Ni Pb Zn
✓ ✓ ✓ ✓ ✓ Li and Huang (2007)
✓ ✓ ✓ ✓ ✓ Zheng et al. (2008)
✓ Cheng et al. (2013)
✓ Li et al. (2010)
✓ ✓ ✓ ✓ ✓ ✓ Chen et al. (2010a), Xia et al. (2011)
✓ ✓ ✓ ✓ ✓ Yang et al. (2011)
✓ ✓ ✓ ✓ ✓ Zhou et al. (2008)
✓ ✓ ✓ ✓ ✓ ✓ Li et al. (2006)
✓ ✓ ✓ ✓ Zhang et al. (2009)
✓ ✓ ✓ ✓ ✓ ✓ Chen (2008)
✓ ✓ ✓ Lu et al. (2007)
✓ ✓ ✓ ✓ ✓ Cai et al. (2013)
✓ ✓ ✓ ✓ Li et al. (2012)
✓ ✓ ✓ Meng et al. (2009)
✓ ✓ ✓ ✓ ✓ Zhang and Ke (2004)
✓ ✓ ✓ Lu and Bai (2010)
✓ ✓ ✓ Yuan et al. (2010)
✓ ✓ ✓ ✓ ✓ Li et al. (2004)
✓ ✓ ✓ Li et al. (2001)
✓ ✓ ✓ Zhao et al. (2010)
✓ ✓ ✓ ✓ Lu et al. (2003)
✓ ✓ ✓ ✓ ✓ Shi et al. (2008)
✓ ✓ ✓ ✓ ✓ Li et al. (2013)
✓ ✓ ✓ Sun et al. (2010)
✓ ✓ ✓ ✓ ✓ Cui et al. (2011)
✓✓ ✓ ✓ ✓ ✓ Tan et al. (2012)
✓ ✓ ✓ ✓ Yin and Zhao (2006)
✓ ✓ ✓ ✓ ✓ Chen et al. (2012)
✓ Liang et al. (2009)
✓ ✓ ✓ ✓ ✓ Wang and Qin (2007)
✓ ✓ ✓ Guo et al. (2012)
✓ ✓ ✓ Gu et al. (2009)
20 29 10 15 29 26
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to 20 cm in depth were collected at a density of one sample/1 km2 and
at two samples/1 km2 in urban areas. Deep soils at 150 to 200 cm in
depth were collected at a density of one sample/4 km2 in the NMPRGS
to study any anthropogenic inﬂuences on the surface layers. A total of
52 elements (Ag, As, Au, B, Ba, Be, Bi, Br, Cd, Ce, Cl, Co, Cr, Cu, F, Ga, Ge,
Hg, I, La, Li, Mn, Mo, N, Nb, Ni, P, Pb, Rb, S, Sb, Sc, Se, Sn, Sr, Th, Ti, Tl, U,
V, W, Y, Zn, Zr, Si, Al, Fe, Mg, Ca, Na, K, and total C), organic carbon,
and pHwere measured for each soil sample using a multi-element ana-
lytical scheme (Zhang, 2005). A special analytical quality control meth-
od was designed and followed during the analysis (Ye, 2005). Up to
2012, an area of 1.65 million km2 has been covered by the NMPRGS in
Eastern China, which contains both urban and developed agricultural
regions. More than 510,000 soil samples were taken, resulting in ap-
proximately 27.8 million analytical data points. The samples contained
the 52 elements listed above and organic carbon and had various pH
levels.
Several different types of Chinese cities exist, including provincial
capital cities or the municipalities directly controlled by the central
government, prefecture-level cities, and county-level cities. The pro-
vincial capital cities are the most-densely populated and have strong
industrial and economic activities. The study areas include 31 pro-
vincial capital cities (Fig. 1). The 31 provincial capital cities had a
total area of 15,196 km2 and an urban population of 134.63 million,
approximately 10% of the total national population, by the end of
2011 (National Bureau of Statistics of China, 2011). The urban popu-
lation of each of Chongqing, Shanghai, and Beijing is more than 10 mil-
lion people; Chengdu, Guangzhou, Nanjing, Shenyang, Tianjin, Wuhan,
Xi'an, and Zhengzhou have populations ranging from 5 million to
10 million; Changchun, Changsha, Fuzhou, Guiyang, Haikou, Hangzhou,
Harbin, Hefei, Huhhot, Jinan, Kunming, Lanzhou, Nanchang, Nanning,
Shijiazhuang, Taiyuan, Ürümqi, and Xining have populations ranging
from 1 million to 5 million; and Lhasa and Yinchuan have populations
less than 1 million.
In this paper, the concentration, spatial distribution, and con-
tamination levels of 10 trace elements (As, Cd, Cr, Cu, Hg, Ni, Pb,
Se, Sb, and Zn) selected from the NMPRGS are compared to pro-
vide a consistent national geochemical overview of the contami-
nation of trace metals in urban soils of 31 provincial capital
cities in China.
2. Data processing
2.1. Concentration of metals
The average, median, maximum, and minimum values of the 10
trace metals in urban topsoils (0 cm to 20 cm) and deep soils (150 cm
to 180 cm) were calculated for each city individually and all together.
The national background soil values (NBSVs) (Chen et al., 1991) and
the target and intervention values recommended by the DutchMinistry
of Housing, Spatial Planning, and Environment (VROM, 2000) are listed
in Tables 2 and 3 to facilitate the assessment and comparison of concen-
tration levels of these elements.
2.2. The geo-accumulation index and contamination classes
Identifying a single metal contaminant or the co-contamination
of multiple metals in urban areas is often performed by comparing
the metal concentration with established guidelines or by quantify-
ing an accumulation index based on background values. The con-
centration of trace metals in urban soils at a certain depth is
generally composed of the natural geologic signature of the sub-
strate plus the metal concentration from natural signature, and ex-
ogenous variables from various sources of contamination. The
concentration of a trace metal in urban deep soil may represent
the metal's background value in all soils.The geo-accumulation index (Igeo) values introduced by
Muller (1969) were employed for different metals to obtain an
overview of the trace metal contamination levels in the topsoil of
each city.
The geo-accumulation indexes were calculated as in Eq. (1):
Igeo ¼ log2 Cn=1:5Bnð Þ ð1Þ
where Cn is the measured concentration of n-th element in the topsoil,
and Bn is the geochemical background for the n-th element. In this
study, the median concentrations of the different metals in all 1011
urban deep soil samples were computed to be the geochemical back-
ground values for calculating the Igeo values. The deep soil samples for
each city were considered at a national scale or at a municipal adminis-
tration scale. The constant 1.5 was introduced to compensate for possi-
ble variations in the background values caused by lithogenic variations.
The different Igeo values for each trace metal are classed as follows:
Igeo ≤ 0, uncontaminated; 0 b Igeo ≤ 1, uncontaminated to moderately
contaminated; 1 b Igeo ≤ 2, moderately contaminated; 2 b Igeo ≤ 3,
moderately to heavily contaminated; 3 b Igeo ≤ 4, heavily contaminat-
ed; 4 b Igeo ≤ 5 heavily to extremely contaminated; and Igeo ≥ 5, ex-
tremely contaminated. The results for the calculation of Igeo are
summarized in Table 4.
2.3. Pollution indexes (PIs) and the integrated pollution index (IPI)
A PI for eachmetal and the Nemerow IPI (IPIN) of metals were calcu-
lated using Eqs. (2) (Lee et al., 2006) and (3) (Luo et al., 2012) to assess
the degree of metal pollution in a given city.
PIi ¼ Ci=Tii ð2Þ
IPIN ¼ IPI2avg þ PI2max
 
=2
h i1=2 ð3Þ
where Ci is the concentration of a givenmetal in topsoil samples and Ti is
the corresponding target concentration from the circular on target
values and the intervention values for the established soil remediation
(VROM, 2000). The PIs and IPIN of trace metals in the urban soil of
each city in China are summarized in Table 4.
The IPIN is divided into ﬁve levels from none to heavy pollution to
indicate the pollution degree. The relationships between IPIN and the
metal pollution level are as follows: IPIN ≤ 0.7, safe; 0.7 b IPIN ≤ 1.0,
precaution; 1.0 b IPIN ≤ 2.0, slight pollution; 2.0 b IPIN ≤ 3.0,moderate
pollution; and IPIN ≥ 3.0, heavy pollution.
2.4. Concentration contour values chosen and their implications
Evaluating the degree of contamination in urban areas is often
established by comparing the metal concentration with the guidelines
(Jung, 2001). Studying the spatial distribution of heavy metals in
urban soils is necessary for identifying hotspots and assessing the po-
tential sources of pollutants (Imperato et al., 2003; Lee et al., 2006; Li
et al., 2004;Morton-Bermea et al., 2009; Reimann and de Caritat, 2005).
The overall objective of contamination evaluation is the sustainable
use of soil bymaintaining a level of functionality consistentwith current
and intended use based on soil quality guidelines. However, minimal
current legislation relates directly to urban soil quality and soil protec-
tion in China despite the limitations of agricultural soil quality as
given in the Environmental Quality Standards for Soils [Chinese Envi-
ronmental Protection Administration (CEPA, 1995)].
However, the Dutch Target and Intervention Values (VROM, 2000),
the Canadian Soil Quality Guidelines for the Protection of Environmen-
tal and Human Health [Canadian Council of Ministers of the Environ-
ment (CCME, 1999)], the Soil Guideline Values (SGVs) (Environment
Agency, 2009c) and Regional Screening Levels (RSLs) for chemical
Table 2
Statistical summaries of trace metal concentrations in urban deep soil (150–180 cm) from Chinese cities (mg·kg−1).
Sampling year n As Cd Cr Cu
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
Beijing 2003 61 8.2 8.3 3.4 14.8 0.089 0.090 0.050 0.130 57 58 40 83 19.6 20.1 10.9 28.7
Changchun 2000 16 11.2 11.2 4.0 15.7 0.082 0.084 0.060 0.100 64 65 45 76 21.6 22.3 13.9 28.0
Changsha 2002 49 14.5 13.4 6.9 31.7 0.116 0.078 0.042 0.868 94 91 66 138 26.0 25.1 14.9 41.3
Chengdu 1999 25 12.7 13.3 3.2 19.4 0.133 0.120 0.099 0.220 81 81 60 102 29.6 30.7 18.1 40.5
Chongqing 2005 31 6.1 5.3 2.6 16.1 0.122 0.114 0.055 0.228 80 79 53 112 26.8 25.8 15.1 51.4
Fuzhou 2002 20 6.4 7.0 4.0 9.0 0.238 0.245 0.090 0.380 53 54 34 75 22.8 23.0 15.0 34.0
Guangzhou 2005 24 19.0 15.5 2.0 62.0 0.212 0.197 0.029 0.673 44 44 15 76 21.9 23.5 6.0 42.0
Guiyang 2007 20 28.2 22.9 14.9 64.5 0.427 0.275 0.057 1.970 109 103 68 177 60.7 48.4 24.5 118.0
Harbin 2005 16 7.9 8.9 2.7 13.7 0.075 0.080 0.048 0.118 49 54 23 65 17.1 20.5 4.0 25.1
Haikou 2004 11 4.6 5.1 2.0 7.0 0.064 0.039 0.021 0.196 70 70 26 108 16.8 19.9 7.7 25.9
Hangzhou 2004 66 5.8 4.7 2.8 20.0 0.120 0.111 0.055 0.374 66 57 40 127 19.5 16.0 7.1 84.3
Hefei 2002 9 11.9 12.9 7.9 13.8 0.063 0.065 0.041 0.083 80 83 65 86 26.9 27.6 21.3 29.2
Huhhot 2004 20 9.0 7.8 2.7 18.6 0.103 0.100 0.064 0.186 57 61 36 77 19.4 21.0 10.2 30.0
Jinan 2002 15 12.2 11.3 10.2 18.4 0.125 0.110 0.080 0.280 77 73 59 139 26.3 25.0 20.0 44.1
Kunming 2006 23 8.7 8.6 3.3 14.3 0.457 0.293 0.042 2.947 97 95 75 119 77.8 77.6 22.9 177.3
Lanzhou 2006 24 16.2 13.0 7.1 61.3 0.133 0.134 0.087 0.175 62 64 44 80 21.7 22.1 14.3 28.0
Lhasa 2007 9 20.5 19.2 10.6 34.4 0.123 0.120 0.100 0.150 42 42 34 56 21.6 20.6 17.2 28.8
Nanchang 2002 40 8.2 8.7 3.5 13.7 0.093 0.070 0.030 0.200 69 73 26 163 23.5 23.0 10.3 54.0
Nanjing 2001 72 10.7 11.0 4.0 28.9 0.162 0.140 0.036 0.470 83 83 39 128 34.4 30.7 16.1 208.0
Nanning 2006 48 18.0 13.7 3.9 60.6 0.114 0.080 0.024 0.740 73 75 40 97 24.1 22.8 9.4 41.6
Shanghai 2004 42 7.5 7.3 4.9 12.8 0.155 0.120 0.075 0.800 89 88 71 158 28.9 27.5 15.5 68.5
Shenyang 2004 35 12.0 9.0 4.3 136.0 0.184 0.110 0.059 1.440 74 74 48 100 39.8 27.2 16.7 430.0
Shijiazhuang 2004 16 10.2 10.8 3.0 14.1 0.086 0.090 0.050 0.110 63 63 38 74 20.1 20.6 8.9 24.3
Taiyuan 2002 32 10.2 10.5 5.5 13.1 0.124 0.110 0.080 0.360 68 68 53 80 22.5 20.8 17.2 45.4
Tianjin 2005 42 12.7 11.9 6.8 30.5 0.157 0.150 0.100 0.340 82 82 64 94 29.5 28.7 18.0 40.2
Ürümqi 2007 15 13.3 11.9 9.2 22.1 0.136 0.140 0.112 0.160 58 59 47 65 30.1 30.1 23.3 41.1
Wuhan 1999 56 12.3 12.4 5.2 20.1 0.144 0.095 0.030 0.590 90 89 62 117 34.1 32.3 24.9 53.8
Xi'an 2005 63 11.5 12.2 2.7 16.2 0.130 0.128 0.064 0.417 71 75 29 85 26.7 26.8 7.6 60.9
Xining 2007 9 11.6 11.6 10.6 12.5 0.151 0.140 0.130 0.210 74 74 65 86 24.5 23.4 19.5 37.1
Yinchuan 2006 48 10.8 11.0 4.3 16.1 0.115 0.115 0.054 0.179 57 61 32 70 19.2 19.9 7.5 28.5
Zhengzhou 2004 54 7.5 7.9 3.7 11.3 0.080 0.079 0.051 0.113 64 64 41 86 13.7 14.3 6.2 21.4
Mean of all cities 1011 11.1 10.0 2.0 136.0 0.141 0.110 0.021 2.947 73 73 15 177 26.9 24.3 4.0 430.0
NBSVa 11.2 0.097 61 23.0
Hg Ni Pb Sb Se Zn
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
a The national soil background (Chen et al., 1991).
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lation in the Netherlands, Canada, the UK and the USA, respectively.
The Dutch soil guidelines consider different land-use types and are
based on extensive studies of both the human and ecotoxicological ef-
fects of soil contaminants. The concentrations of metals in soils that
are below the target values indicate sustainable soil quality, whereas
concentrations above the target values indicate contamination. The in-
tervention values generally indicate that the effect of contaminants on
the soil environment is serious and requires soil remediation. The
Dutch soil guidelines are used as the basis for the concentration contour
values of all metals in this study, except Se, facilitating an evaluation of
the degree of contamination and delineating the spatial distribution of
metal contamination.
The concentration contour values of Se were selected from the
Canadian Soil Quality Guidelines because Se is not listed in the Dutch
Guidelines. Some metal concentration contour values were also taken
from the SGVs based on an integrated analysis of their concentration in
urban soils. At least three representative concentration contour values
for each metal and their selection criteria are presented in Table 5.
3. Trace metal concentrations
3.1. Mercury
Hg is a persistent, toxic, and bio-accumulative heavy metal. Soil
is enriched with Hg when the concentration is ≥0.100 mg·kg−1
(Connor and Schaklette, 1975; Gustin and Lindberg, 2000). The legisla-
tive limit for clean soils in the Dutch Guidelines considers 0.3 mg·kg−1to be the optimum level for Hg (VROM, 2000). The SGV of Hg for resi-
dential areas in the UK is 1 mg·kg−1 (Environment Agency, 2009b),
the same as the Environmental Quality Standard (GB 15618-1995) for
agricultural soils given by the CEPA (1995). The Hg concentrations
in urban soils are categorized into four groups. The ﬁrst group has
low levels of Hg in soils (Hg mg·kg−1 b 0.1000 mg·kg−1), indicat-
ing sustainable soil quality. The second group has moderate levels
of Hg (0.100 mg·kg−1 ≤ Hg b 0.300 mg·kg−1), indicating an
enriched-Hg soil. The third group has high Hg concentrations
(0.300 mg·kg−1 ≤ Hg b 1.00 mg·kg−1), indicating that the urban
soils should be examined. The fourth group has Hg concentrations
equal to or greater than 1.000 mg·kg−1, indicating that the soils
may be a potential health risk.
The Hg concentrations in urban topsoils and deep soils in all of the
investigated Chinese cities are presented in Tables 2 and 3. The aver-
age deep soil Hg concentrations in 14 of the 31 cities are signiﬁcantly
elevated compared to the NBSVs, whereas 17 cities have values
lower than 0.065 mg·kg−1. The mean Hg concentration ranges
from 0.018 mg·kg−1 to 0.210 mg·kg−1 in urban deep soils.
The urban topsoils in most cities, including Changchun, Changsha,
Chongqing, Harbin, Haikou, Hefei, Jinan, Lhasa, Nanchang, Nanjing,
Nanning, Shanghai, Shenyang, Shijiazhuang, Taijing, Taiyuan, and
Wuhan, have moderate Hg levels (0.100 mg·kg−1 ≤ Hg b 0.300
mg·kg−1). Low concentrations of Hg (b0.100 mg·kg−1) in urban topsoil
are present in Huhhot, Lanzhou, Ürümqi, Yinchuan, and Zhengzhou.
High average Hg concentrations (≥0.300 mg·kg−1) are found in
Beijing, Fuzhou, Guangzhou, Guiyang, Hangzhou, Kunming, Shanghai,
and Xi'an.
Table 2 (continued)
Hg Ni Pb Sb Se Zn
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
0.070 0.031 0.009 0.563 24.9 24.8 15.8 39.8 19.2 19.2 14.4 26.0 0.71 0.71 0.31 0.99 0.09 0.08 0.05 0.18 58 59 41 75
0.019 0.018 0.012 0.036 27.6 27.4 16.9 42.6 26.9 26.6 23.1 29.7 0.69 0.68 0.43 0.99 0.11 0.10 0.09 0.16 63 63 46 71
0.092 0.068 0.034 1.058 26.9 26.4 14.0 39.9 28.1 25.5 18.2 55.1 1.50 1.10 0.69 7.47 0.30 0.30 0.11 0.54 74 68 36 121
0.074 0.051 0.008 0.550 36.8 37.0 23.5 48.9 22.9 21.9 17.6 31.2 0.84 0.84 0.25 1.48 0.08 0.05 0.02 0.30 76 75 42 112
0.060 0.056 0.019 0.118 31.6 31.4 20.2 50.0 26.1 26.1 18.3 42.1 0.65 0.63 0.24 1.17 0.11 0.10 0.06 0.24 82 80 57 145
0.134 0.105 0.050 0.530 23.4 24.0 14.0 34.0 66.0 68.5 49.0 85.0 0.36 0.33 0.23 0.64 0.28 0.28 0.13 0.46 122 126 81 194
0.210 0.155 0.028 0.670 15.7 14.0 5.0 30.0 50.8 47.5 25.0 126.0 1.40 1.27 0.15 4.59 0.43 0.41 0.25 0.74 71 72 22 143
0.202 0.175 0.044 0.430 54.2 49.0 27.5 120.0 36.7 36.1 18.8 50.1 1.59 1.42 0.87 2.92 0.46 0.43 0.12 0.83 110 105 59 182
0.034 0.021 0.010 0.125 22.1 24.5 8.7 30.5 21.7 22.2 16.4 28.5 0.56 0.66 0.20 0.80 0.09 0.08 0.04 0.16 57 63 31 75
0.049 0.057 0.011 0.070 25.5 29.0 9.0 45.4 21.0 20.4 13.9 32.3 0.43 0.43 0.20 0.65 0.33 0.38 0.12 0.59 37 33 21 67
0.152 0.058 0.021 4.091 27.6 24.5 13.7 52.8 25.4 20.5 12.7 201.4 0.51 0.42 0.23 2.90 0.17 0.12 0.03 1.64 71 64 33 134
0.048 0.022 0.013 0.144 33.1 34.3 23.2 38.1 24.8 25.6 19.9 26.4 0.89 0.90 0.68 1.05 0.09 0.08 0.05 0.15 58 60 44 63
0.018 0.019 0.010 0.025 24.4 24.6 14.0 37.3 19.9 19.0 15.0 27.2 0.78 0.70 0.27 1.40 0.09 0.09 0.05 0.16 54 58 29 81
0.024 0.020 0.013 0.050 32.5 31.2 27.1 42.8 23.1 21.3 17.5 45.3 1.13 0.99 0.81 2.67 0.12 0.10 0.07 0.37 66 65 52 105
0.193 0.119 0.032 1.235 44.1 42.5 23.3 66.6 43.6 42.7 25.1 94.9 1.36 1.10 0.34 4.01 0.17 0.16 0.12 0.23 90 87 42 133
0.035 0.018 0.010 0.249 28.3 30.1 18.1 33.1 20.3 19.8 16.4 25.9 0.93 0.96 0.65 1.14 0.15 0.15 0.10 0.26 61 64 37 79
0.092 0.075 0.016 0.250 21.0 19.3 17.6 26.7 31.0 30.4 28.5 34.2 1.24 1.10 0.77 2.15 0.09 0.09 0.06 0.14 65 65 57 73
0.086 0.042 0.011 1.613 24.5 23.8 9.6 37.9 29.5 27.5 17.9 90.7 0.73 0.78 0.28 1.31 0.21 0.19 0.09 0.43 72 68 43 149
0.052 0.028 0.014 0.440 40.0 39.6 17.5 60.8 24.9 23.3 2.9 52.6 1.03 1.05 0.31 1.80 0.14 0.09 0.04 0.55 82 78 47 154
0.118 0.120 0.054 0.269 23.1 21.9 6.9 40.5 25.3 24.3 12.7 50.0 5.88 2.51 0.77 23.75 0.50 0.49 0.19 0.94 67 65 22 124
0.102 0.075 0.039 0.420 36.7 37.1 26.4 46.9 27.7 27.3 18.1 51.8 0.69 0.56 0.31 4.73 0.15 0.14 0.06 0.50 108 107 72 177
0.046 0.040 0.016 0.110 31.1 31.2 21.7 42.8 28.1 25.7 12.7 56.1 0.80 0.78 0.35 1.64 0.19 0.19 0.09 0.32 76 70 44 244
0.022 0.020 0.007 0.045 28.9 29.7 16.3 33.8 19.6 20.4 12.5 22.6 0.84 0.89 0.25 1.08 0.08 0.08 0.05 0.13 59 60 34 66
0.041 0.034 0.017 0.120 27.4 27.7 21.2 36.4 20.2 19.8 14.7 29.0 0.81 0.87 0.35 1.04 0.20 0.15 0.07 0.60 63 59 52 95
0.048 0.030 0.016 0.422 35.3 35.4 24.2 45.3 24.9 24.7 19.6 30.3 0.94 0.90 0.51 1.76 0.17 0.14 0.07 0.84 83 83 55 119
0.041 0.023 0.014 0.161 27.5 27.0 21.6 32.3 18.2 18.1 14.6 21.6 0.91 0.90 0.75 1.08 0.24 0.20 0.12 0.70 72 72 67 79
0.051 0.046 0.014 0.184 39.5 39.0 28.0 56.8 24.8 24.6 16.7 32.6 1.00 1.01 0.43 1.66 0.20 0.16 0.06 0.41 80 78 59 118
0.171 0.059 0.010 2.225 31.1 31.6 10.4 64.2 23.9 23.4 19.1 48.3 0.83 0.85 0.34 1.25 0.09 0.09 0.03 0.14 66 70 26 83
0.077 0.027 0.015 0.478 26.1 26.1 23.0 29.3 24.1 22.1 19.0 37.2 0.22 0.23 0.13 0.32 1.02 0.98 0.89 1.17 64 60 54 97
0.023 0.017 0.009 0.077 24.7 25.5 10.4 34.5 19.4 19.6 11.7 25.5 0.90 0.90 0.52 1.34 0.10 0.11 0.05 0.15 52 56 22 76
0.025 0.023 0.013 0.087 20.4 21.3 9.3 27.9 18.1 17.9 15.5 20.5 0.68 0.71 0.32 0.93 0.07 0.07 0.03 0.12 42 45 19 59
0.082 0.042 0.007 4.091 29.9 29.2 5.0 120.0 26.0 23.4 2.9 201.4 1.11 0.84 0.13 23.75 0.19 0.13 0.02 1.64 72 68 19 244
0.065 27.0 27.0 1.20 0.29 74
35H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52On a national scale, the ﬁrst groups that have a lowHg concentration
in urban topsoils are mainly distributed in Northern and Northwestern
China, as shown in Fig. 2. The second and third groups are located in
Eastern and Southeastern China, where the more developed regions or
ancient cities, such as Beijing and Xi'an, are located. These results
imply that an anthropogenic impact is associated with the rapid devel-
opment of industrial and urban regions in China.
3.2. Cadmium
Cadmium (Cd) is an extremely toxic metal and an environmental
hazard. Tables 2 shows that the average Cd concentrations in deep
soils of 23 cities range from 0.103 mg·kg−1 to 0.457 mg·kg−1, higher
than the NBSV (0.097 mg·kg−1) (Chen et al., 1991). Eight cities have
Cd concentrations lower than 0.097 mg·kg−1.
The guideline value for the Environmental Quality Standard for
Soils (II) in China is 0.300 mg·kg−1 (CEPA, 1995). The average Cd
concentrations in the topsoils of Kunming, Shenyang, Changsha,
Xi'an, Guiyang, Tianjin, Shanghai, Guangzhou, and Wuhan are over
the limit (Table 3), and among those cities, two extremely high Cd
concentrations are found in Shanghai (90.9 mg·kg−1) and Kunming
(69.9 mg·kg−1).
The average Cd concentrations in topsoils in Kunming, Shenyang,
Shanghai, and Changsha are 2.087, 1.161, 1.091, and 0.876 mg·kg−1, re-
spectively, which are each above 0.800 mg·kg−1, the target value for
soil remediation established byVROM(2000). The lowest concentration
of Cd in topsoils is found in Haikou and Huhhot, which both average
below 0.100 mg·kg−1, likely because the developmental stage of thetwo cities is different from the other cities. Haikou and Huhhot were
not developed until the 1990s, resulting in a relatively shortmetal accu-
mulation process.
3.3. Lead
Pb is a major source of pollution in urban soils. The average Pb
concentration in deep soils of the investigated cities is equal to
the NBSV (27 mg·kg−1) (Chen et al., 1991). The deep soils in Fuzhou
and Guangzhou have an average Pb content of 66 and 50.8 mg·kg−1,
respectively, which may imply that these two cities have a high
geochemical background of Pb in the soil-forming parent materials.
Remarkably low Pb concentrations (b20 mg·kg−1) were observed
in Beijing, Huhhot, Ürümqi, Yinchuan, and Zhengzhou in this survey
(Table 2).
The urban soils of all cities have an average Pb content of
45.3 mg·kg−1 in topsoils (at 0 cm to 20 cm) (Table 3). Unexpectedly,
29 of the 31 cities have an average soil Pb content of b100 mg·kg−1,
which is remarkable compared to the 102 mg·kg−1 average found in
34 European cities (Luo et al., 2012), the 231 mg·kg−1 in Baltimore
(Yesilonis et al., 2008), the 395 mg·kg−1 in Chicago (Cannon and
Horton, 2009) in the USA, the 140 mg·kg−1 in Mexico (Morton-
Bermea et al., 2009), the 208 mg·kg−1 in Islamabad (Ali and Malik,
2011), the 122 mg·kg−1 in Sialkot (Malik et al., 2010), Pakistan, the
262 mg·kg−1 in Naples (Imperato et al., 2003), and the 253 mg·kg−1
in Palermo (Manta et al., 2002). These observations imply that leaded
gasoline was banned before the peak number of cars was reached, al-
though vehicle emissions are considered to be the principal source of
Fig. 1. Schematic map of China.
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Feng et al., 2012; Li et al., 2004; Yang et al., 2011).
High average topsoil Pb concentrations of 115.8 mg·kg−1,
ranging from 3.4 mg·kg−1 to 2055.0 mg·kg−1, in Shenyang and
103.6 mg·kg−1, ranging from 25.3 mg·kg−1 to 2521.0 mg·kg−1, in
Shanghai exist and are signiﬁcantly higher than the corresponding
Pb content in deep soil (Table 2). The topsoil values exceed the target
limit of 85 mg·kg−1 established for soil remediation (VROM,
2000). Shenyang was once a heavy industry base, and Shanghai
has long been a center of industry in China. Therefore, Pb in the top-
soil at Shenyang and Shanghai was affected by anthropogenic
contributions.3.4. Zinc
The average Zn concentrations in urban topsoils and deep soils
are 112 and 72 mg·kg−1, respectively, indicating an elevated concen-
tration in the topsoils. An extreme variability in the Zn concentrations
in urban topsoils was found at 13 mg·kg−1 to 2180 mg·kg−1
(Table 3), whereas the Zn concentration ranges from 59 mg·kg−1 to
244 mg·kg−1 in deep soil (Table 2). Exceedingly high concentrations
of Zn were observed in the 10 cities, each of which at least one sample
has a concentration above 720 mg·kg−1, which is the intervention
value proposed (VROM, 2000). Zn concentrations of 2180 mg·kg−1 in
Wuhan, 1353 mg·kg−1 in Kunming, 1268 mg·kg−1 in Shenyang, and
1094 mg·kg−1 in Shanghai were observed, all of which require
immediate remediation. The VROM proposed a Zn concentration of
140 mg·kg−1 as the limit of sustainable soil quality, but average Zn
concentrations are higher than the Dutch limit in Shanghai
(244 mg·kg−1), Kunming (205 mg·kg−1), Shenyang (167 mg·kg−1),
Guangzhou (166 mg·kg−1), Tianjin (155 mg·kg−1), Chengdu
(141 mg·kg−1), and Wuhan (140 mg·kg−1), indicating that Zn con-
tamination exists in these cities.3.5. Copper
All cities in this study have an average Cu content of 38.2 mg·kg−1
in the topsoils (at 0 cm to 20 cm), which is remarkably lower than
the 46 mg·kg−1 average found in 34 European cities (Luo et al.,
2012), the 45 mg·kg−1 in Baltimore (Yesilonis et al., 2008), the
150 mg·kg−1 in Chicago (Cannon and Horton, 2009) in the USA,
the 101 mg·kg−1 in Mexico (Morton-Bermea et al., 2009), the
74 mg·kg−1 in Naples (Imperato et al., 2003), and the 63 mg·kg−1 in
Palermo (Manta et al., 2002).
The average Cu concentrations in the urban topsoils in Kunming
(126.7 mg·kg−1) and Shanghai (63.8 mg·kg−1) are higher than the
soil quality guideline value of 63 mg·kg−1 for residential areas or park-
lands (CCME, 1999). The Cu input from anthropogenic sources to the
urban topsoils in Shanghaimay be higher than that in Kunming because
of low geochemical Cu background value of 28.9 mg·kg−1 in Shanghai
compared to 77.8 mg·kg−1 in Kunming (Table 2).
In Wuhan, Xi'an, Changsha, Chengdu, Shanghai, Guiyang, Kunming,
Guangzhou, Hefei, Nanjing, Shenyang, and Tianjin, each topsoil has an
average Cu content that is greater than the soil target value of
36 mg·kg−1 established by VROM (2000). The other 19 cities have
low Cu concentrations in urban topsoils (Table 3).
3.6. Selenium
Se, despite being an essential element in human and animal health,
is toxic above certain levels. China has been considered a Se deﬁcient
country with a low NBSV (0.29 mg·kg−1) for Se (Chen et al., 1991).
Keshan disease, an endemic cardiomyopathy, occurs in a broad geo-
graphic belt with low Se concentrations, stretching from the
Heilongjiang Province in the northeast to the Yunnan Province in the
southwest (Tan, 1989; Tan et al., 1999). The mean Se concentration
in the world soils is 0.40 mg·kg−1. However, no information is avail-
able regarding Se contamination in urban soils in Chinese cities,
37H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52implying that Se contamination in urban soils may have been
overlooked for a long period of time.
Tables 2 and 3 show that the Se contents of the deep soils in cities
have a range of 0.02 mg·kg−1 to 1.64 mg·kg−1, with a mean value of
averages 0.19 mg·kg−1. The average is lower than the NBSV of
0.29 mg·kg−1 and the world mean Se value of 0.40 mg·kg−1. Twenty
cities, including Beijing, Changchun, Chengdu, Chongqing, Hangzhou,
Harbin, Hefei, Huhhot, Jinan, Kunming, Lanzhou, Lhasa, Nanjing, Shang-
hai, Shenyang, Shijiazhuang, Tianjin, Xi'an, Yinchuan, and Zhengzhou,
have deep soil Se concentrations that are less than the average Se
value of 0.19 mg·kg−1; whereas the mean Se content in the topsoil is
0.40 mg·kg−1, indicating an enrichment of Se in urban topsoil.
Two extremely high Se concentrations in topsoils were found
in Wuhan (10.80 mg·kg−1) and Taiyuan (10.40 mg·kg−1). Four-
teen cities, including Changsha, Chengdu, Guangzhou, Guiyang,
Hefei, Jinan, Nanning, Shanghai, Shenyang, Shijiazhuang, Taiyuan,
Tianjin, Wuhan, and Xining, have Se concentrations higher than
the average value in topsoils (0.4 mg·kg−1), conﬁrming that
China is a Se deﬁcient country despite the enrichment of Se in
the topsoils.
Among all elements, Se has one of the narrowest intake ranges
between dietary deﬁciency (b40 μg·day−1) and toxic levels (N400
μg·day−1) (Fordyce, 2005). No recommended regulatory values for
Se in urban soils in China exist, and therefore, the data were compared
with the guideline value of 1 mg·kg−1 for residential areas and park-
land provided by the Canadian Council of Ministers of the Environment
(CCME, 1999).
The average Se value in all of the cities does not exceed the regulato-
ry limits despite the evident enrichment of Se in the urban topsoil. How-
ever, the maximum Se value in the topsoil in Beijing, Changsha,
Guiyang, Hangzhou, Hefei, Jinan, Kunming, Nanchang, Nanjing,
Nanning, Shanghai, Shenyang, Shijiazhuang, Taiyuan, Tianjin, Wuhan,
and Xining is more than the limit of 1 mg·kg−1, implying that some
Se-contaminated areas exist in Chinese cities.
3.7. Antimony
Sb and its compounds are hazardous to human health and may be
carcinogenic (Fowler and Goering, 1991; Gebel, 1997; Hammel et al.,
2000). The United States Environmental Protection Agency (USEPA,
1979), the European Union (Filella et al., 2002), and many other coun-
tries (Ettler et al., 2007; Flynn et al., 2003; He and Yang, 1999; He et
al., 2012; Maher, 2009; Wilson et al., 2010) also consider Sb to be a pol-
lutant with priority interest. China plays an important role in global an-
thropogenic Sb emissions because the country is thehighest producer of
Sb (He et al., 2012) and the total atmospheric Sb emissions from coal
combustion (Tian et al., 2011). The Sb concentration in urban soils in
China is scarce except in Shanghai (Dai and Li, 2010), Dalian in the Liao-
ning Province, Xiamen in the Fujian Province, and Xuzhou in the Jiangsu
Province (Wang and Qin, 2005). Average Sb contents in other areas of
China were reported in a review paper by He et al. (2012), implying
that Sb contamination in urban soils is of minimal concern.
The average Sb content in urban deep soils is 1.11 mg·kg−1, which is
almost equivalent to theNBSV (1.20 mg·kg−1). The highest average con-
centration of 5.88 mg·kg−1 and the maximum value of 23.75 mg·kg−1
of Sb in deep soils are found in Nanjing, Guangxi Province (Table 2),
where very large, large, and medium Sb deposits account for 34.4% of
the total Sb deposits in China, indicating areas with high Sb geochemical
background. The lowest average Sb concentration of 0.22 mg·kg−1 was
detected in Xining City.
The Sb levels in urban topsoils range from 0.05 mg·kg−1 to
73.20 mg·kg−1 (mean = 1.72 mg·kg−1), indicating a wide range of
the Sb concentrations. The target and intervention values of Sb pro-
posed by the Netherlands are 3.0 and 15.0 mg·kg−1 (VROM, 2000), re-
spectively. The Sb guideline for agricultural areas, residential areas, and
parklands in Canada is 20 mg·kg−1 (CCME, 1999). The average Sbconcentrations in the topsoils exceed the target value in Nanning,
Shanghai, Changsha, Shenyang, and Kunming, whereas the maximum
value is higher than the intervention value and the guidelines in Shen-
yang, Shanghai, Nanning, Guangzhou, and Kunming, showing the
urban soils that are contaminated with Sb.
3.8. Nickel
The average Ni content in deep soils and topsoils is 29.9 and
29.2 mg·kg−1, respectively, both of which are slightly higher than the
NBSV (27 mg·kg−1). The range of the mean values in deep soils is
15.7 mg·kg−1 to 54.2 mg·kg−1 and is almost equivalent to the range
of 15.9 mg·kg−1 to 50.8 mg·kg−1 in topsoils, indicating that the Ni
content likely originated in natural parent materials.
The target and intervention values for Ni established by the Dutch
are 35 and 210 mg·kg−1, respectively (VROM, 2000). Kunming,
Guiyang, Chengdu, Wuhan, Nanjing, Shanghai, and Tianjin have an av-
erage Ni concentration that is higher than the target value, indicating
that the soils should be cleaned. The remaining 24 cities have soil Ni
levels at a sustainable level.
The maximum Ni concentrations of 348.9 mg·kg−1 and 157.6 mg·
kg−1 were detected in the topsoil of Xi'an and Haikou, respectively.
Both of these values exceed the SVG of 130 mg·kg−1 for residential
soils given by the UK (Environment Agency, 2009c), indicating that
these isolated sites have unsuitable levels of Ni for residential soils.
Kunming is another city with an average Ni concentration that is higher
than the guideline of 50 mg·kg−1 for agricultural, residential, park,
commercial, and industrial lands as established by CCME (1999), indi-
cating Ni contamination in the topsoils in Kunming.
3.9. Chromium
The Cr concentration in the topsoils was 76 mg·kg−1 on average
with a range of 37 mg·kg−1 to 114 mg·kg−1, whereas an average of
73 mg·kg−1 was found in the deep soil with a range of 42 mg·kg−1
to 109 mg·kg−1, both of which are comparable with the corresponding
background value of 61 mg·kg−1. The range of average concentrations
in the deep soils is 42 mg·kg−1 to 109 mg·kg−1, whereas the range in
the topsoils is 37 mg·kg−1 to 114 mg·kg−1, indicating an evident nat-
ural contribution.
For Cr, the target value for clean soil and the intervention value for
soil remediation as established by VROM are 100 mg·kg−1 and
380 mg·kg−1 (VROM, 2000), respectively. An average Cr concentration
that is higher than the target value was found in Kunming, Guiyang,
Changsha, Jinan, and Shanghai, indicating that the soils should be
cleaned. The remaining 26 cities have sustainable Cr soil quality levels.
Extremely high Cr concentrations in urban topsoils were also reported
in Shanghai, implying that the studied area needs to be promptly
cleaned because of Cr contamination.
3.10. Arsenic
The negative effects of As on the environment and on public health
have caused considerable global attention. The main source of As in
soils is its parent material, but As accumulation in urban environments
is most often attributed to fossil fuel combustion, particularly in coal,
metal-processing industries, and mining activities (Ajmone-Marsan
and Biasioli, 2010). Tian et al. (2010) estimated that in China, As emis-
sions from coal combustion reached 635.57 t in 1998 and 2205.50 t in
2007 and have resulted in serious environmental pollution in the
country. However, comprehensive and detailed studies on As in urban
soils in Chinese cities are still limited. Of the 33 existing literature,
only nine focused on cities in China (Chen, 2008; Cui et al., 2011; Guo
et al., 2012; Li et al., 2006, 2013; Tan et al., 2012; Yang et al., 2011; Yin
and Zhao, 2006; Zhou et al., 2008).
Table 3
Statistical summaries of trace metal concentrations in urban topsoil (0–20 cm) from Chinese cities (mg·kg−1).
n As Cd Cr Cu
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
Beijing 261 7.7 7.6 4.4 17.3 0.193 0.168 0.083 0.902 58 57 46 129 31.4 27.8 12.8 164.5
Changchun 63 12.8 12.4 6.1 28.4 0.207 0.162 0.066 1.760 62 61 48 79 29.7 27.0 17.7 104.9
Changsha 196 19.8 16.3 8.5 84.1 0.876 0.509 0.160 6.663 108 100 69 250 38.5 35.3 17.3 116.5
Chengdu 100 13.4 12.1 6.1 27.4 0.231 0.190 0.110 0.710 80 80 59 143 52.2 45.6 31.5 221.0
Chongqing 120 5.8 4.9 1.1 18.0 0.278 0.284 0.063 0.650 75 71 47 137 29.9 28.6 14.5 92.4
Fuzhou 90 6.6 6.2 1.3 32.5 0.258 0.250 0.060 1.060 37 37 8 71 31.2 28.5 4.0 98.0
Guangzhou 86 18.8 18.0 2.3 37.4 0.344 0.307 0.045 0.928 55 52 17 95 48.0 38.5 9.0 378.0
Guiyang 80 26.2 22.5 7.2 65.1 0.495 0.420 0.140 2.010 112 113 62 155 56.0 53.7 19.7 128.0
Harbin 64 8.3 9.0 3.6 15.2 0.159 0.137 0.041 0.554 56 60 28 73 24.5 24.5 7.3 64.2
Haikou 44 3.7 3.5 1.3 9.8 0.088 0.069 0.023 0.259 73 46 17 309 20.2 15.3 3.5 64.9
Hangzhou 226 7.0 6.7 3.8 17.2 0.188 0.169 0.057 1.321 62 60 43 98 30.5 29.1 8.4 133.4
Hefei 36 11.1 10.9 8.4 18.5 0.188 0.168 0.069 0.540 72 71 61 112 37.4 34.0 25.5 85.7
Huhhot 78 8.4 6.3 4.2 16.2 0.099 0.086 0.035 0.224 48 43 29 74 15.1 12.2 7.1 45.7
Jinan 64 11.2 11.4 4.4 16.3 0.191 0.175 0.060 0.720 108 80 56 740 31.2 28.5 15.9 66.7
Kunming 86 15.6 12.1 3.9 90.0 2.087 0.672 0.073 69.87 110 106 79 197 126.7 103.1 27.9 462.2
Lanzhou 80 11.5 12.3 3.8 15.4 0.263 0.258 0.089 0.478 64 66 24 91 28.3 27.1 8.8 76.9
Lhasa 36 20.7 18.6 12.5 36.5 0.128 0.120 0.079 0.210 42 39 28 59 22.7 22.1 14.9 34.0
Nanchang 160 9.5 9.0 3.4 26.1 0.186 0.150 0.059 0.750 69 71 21 117 28.5 26.5 9.9 146.0
Nanjing 287 10.8 10.2 5.3 42.9 0.253 0.210 0.080 2.220 82 79 29 188 42.2 38.4 9.6 278.0
Nanning 157 15.0 12.0 3.3 65.2 0.248 0.189 0.045 1.540 56 55 29 119 23.7 21.5 8.3 64.5
Shanghai 167 9.5 8.7 6.0 21.0 1.091 0.370 0.120 90.90 114 96 72 1341 63.8 47.9 21.2 420.0
Shenyang 140 12.8 10.4 4.8 160.0 1.161 0.560 0.110 30.40 80 78 63 129 58.2 45.6 21.3 586.0
Shijiazhuang 42 9.6 9.5 7.2 16.2 0.287 0.215 0.140 1.080 72 69 57 147 27.8 27.2 19.2 45.5
Taiyuan 128 9.9 10.3 4.9 20.6 0.181 0.170 0.092 0.640 74 70 56 158 33.1 25.5 17.7 750.0
Tianjin 132 11.2 11.1 6.7 21.3 0.413 0.281 0.105 5.392 93 84 65 346 50.1 42.6 21.5 253.8
Ürümqi 56 14.2 13.0 10.3 23.2 0.208 0.200 0.140 0.360 59 60 48 67 35.2 34.8 25.3 43.9
Wuhan 224 13.7 13.0 6.4 39.6 0.338 0.280 0.080 4.980 91 89 46 271 50.0 42.4 18.8 1440
Xi'an 192 11.2 11.5 5.8 18.9 0.501 0.281 0.149 3.900 77 77 55 174 37.6 34.1 14.1 96.1
Xining 28 12.0 12.2 9.1 14.8 0.241 0.175 0.140 0.700 59 58 46 75 28.6 25.5 18.2 100.2
Yinchuan 154 11.1 11.7 3.7 17.0 0.172 0.173 0.036 0.403 57 60 19 81 21.7 23.5 5.8 43.8
Zhengzhou 221 8.1 8.2 3.9 14.8 0.151 0.145 0.069 0.826 70 70 34 103 17.4 17.9 5.6 46.3
Mean of all citiesa 3799 11.4 10.2 1.1 160.0 0.394 0.210 0.023 90.90 76 72 8 1341 38.2 31.1 3.5 1440
NBSVb 11.2 0.097 61 23.0
Target valuec 29 0.80 100 36
Intervention valuec 55 12 380 190
Hg Ni Pb Sb Se Zn
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
a Mean of all cities.
b NBSV is the national background soil value in China (Chen et al., 1991).
c Target and intervention values recommended by the Dutch Ministry of Housing, Spatial Planning and Environment (VROM, 2000).
d The guideline value for agricultural, residential and parkland established by the Canadian Council of Ministers of the Environment (CCME, 1999).
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trations in urban topsoils and deep soils are 11.4 and 11.1 mg·kg−1
(Chen et al., 1991), respectively, both of which match the back-
ground value of 11.2 mg·kg−1. The highest average As content of
26.2 mg·kg−1 in topsoil is found in Guiyang, Guizhou Province,
and the lowest mean, 3.7 mg·kg−1, is found in Haikou City.
The limits for the guideline values are set at 12 mg·kg−1 in Canada,
and 32 mg·kg−1 for residential areas in the UK. However, 29 and
55 mg·kg−1 are the threshold and intervention values, respectively,
for clean soils in the Netherlands.
The maximum value of 160.0 mg·kg−1 As in topsoils was found in
Shenyang, but the mean is only 12.8 mg·kg−1, implying that at least
one sampling point needs prompt cleaning of As contamination.
4. Distribution patterns and source identiﬁcation
4.1. Mercury
The distribution of metal concentrations in urban soils as obtained
using geochemical mapping facilitates a reliable estimation of the inﬂu-
ence of contamination on the measured element concentrations
(Reimann and de Caritat, 2005) and identiﬁes hotspots with high
metal concentration.
Figs. 3a, 4a and 5a show the distribution pattern of Hg in urban top-
soils in Chengdu, Guangzhou and Xi'an, respectively. The downtownareas of the cities are marked by extensive anomalies of Hg in topsoils
and a decreasing trend from the center of the city to its suburbs is
often observed.
The links between Hg contamination in urban topsoils and the geo-
chemical background in deep soils are documented in Figs. 3 to 5. The
maps demonstrate that the spatial distribution of Hg in deep soils dete-
riorates with the lower background levels of Hg in Chengdu (Fig. 3a vs.
b). A similar distribution pattern is also present for Beijing, Fuzhou and
Shanghai, indicating a remarkably increased Hg input to the topsoils
from various anthropogenic sources. The distribution pattern of Hg in
urban deep soils has a higher background level of Hg in Guangzhou
(Fig. 4a vs. b), Guiyang, Kunming and Xi'an (Fig. 5a vs. b) than that in
natural parent materials. This ﬁnding implies that the Hg contamina-
tions in the urban topsoils of cities such as Guangzhou, Guiyang,
Kunming and Xi'an may be originated from a high geochemical back-
ground and various anthropogenic sources.
Unexpectedly, the Hg in urban soils in Chinese cities, which has the
largest Igeo mean value, can be classiﬁed as moderately contaminated
(Table 4). Furthermore, the Igeo values of Hg in Beijing, Changchun,
Chengdu, Harbin, Hefei, Jinan, Nanjing, Shenyang, Tianjin, and Xi'an
range from 2 to 3, indicating a moderate to heavy Hg contamination
in these cities. Urban soils in Changsha, Fuzhou, Guangzhou, Hangzhou,
Kunming, Lanzhou, Nanchang, Shanghai, Shijiazhuang, Taiyuan,
Wuhan, Ürümqi, Xining, Yinchuan, and Zhengzhou are classiﬁed as
moderately contaminated with Hg. Chongqing, Guiyang, Haikou, and
Table 3 (continued)
Hg Ni Pb Sb Se Zn
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
0.406 0.282 0.020 3.312 24.1 24.0 16.8 43.2 32.8 30.1 16.8 100.2 0.97 0.87 0.42 3.75 0.26 0.23 0.07 5.26 90 84 48 289
0.133 0.087 0.029 1.434 25.2 25.0 23.0 28.0 32.8 30.5 23.8 86.6 1.11 0.98 0.53 3.98 0.26 0.23 0.14 0.80 88 79 60 240
0.212 0.180 0.057 0.950 27.4 25.6 16.8 109.0 48.5 40.9 26.0 216.4 3.34 2.86 1.18 14.13 0.26 0.23 0.25 1.66 133 108 63 512
0.669 0.330 0.110 15.40 38.5 38.0 29.2 49.2 57.0 46.0 26.0 311.0 1.24 1.14 0.58 4.13 0.47 0.42 0.16 0.81 141 125 89 517
0.118 0.103 0.026 0.503 30.3 29.7 18.1 71.1 33.0 31.3 21.0 85.0 0.80 0.74 0.23 3.44 0.40 0.38 0.06 0.73 104 95 56 330
0.517 0.290 0.010 4.730 15.9 15.7 4.1 24.8 71.5 66.0 20.0 353.0 0.73 0.58 0.05 2.52 0.29 0.25 0.03 0.79 129 121 20 404
0.531 0.406 0.052 2.444 19.5 17.9 6.0 35.1 86.5 73.5 29.0 464.0 2.80 2.16 0.37 26.93 0.38 0.34 0.24 0.92 166 128 25 826
0.372 0.260 0.092 5.59 40.4 41.0 16.5 71.8 53.0 47.9 23.6 168.0 2.56 2.26 0.75 8.82 0.54 0.52 0.36 2.89 126 120 54 224
0.151 0.098 0.011 0.871 23.0 24.6 11.2 29.2 32.7 29.1 17.1 119.5 0.88 0.89 0.26 1.80 0.99 0.92 0.04 0.44 83 83 36 171
0.125 0.060 0.003 0.54 33.3 18.2 5.2 157.6 19.7 17.3 6.6 73.9 0.46 0.40 0.18 2.82 0.23 0.24 0.06 0.73 56 44 13 189
0.324 0.248 0.027 3.549 25.3 25.0 14.0 38.0 38.3 36.1 15.5 196.4 0.90 0.79 0.41 7.44 0.33 0.32 0.07 1.55 102 92 45 655
0.161 0.097 0.010 1.092 27.5 27.4 21.3 39.7 40.5 34.4 24.2 90.8 1.32 1.09 0.63 4.11 0.37 0.37 0.14 3.54 104 93 54 279
0.017 0.015 0.005 0.037 19.3 16.3 10.4 35.8 16.6 16.2 10.1 23.0 0.69 0.59 0.42 1.46 0.67 0.46 0.04 0.22 45 38 24 78
0.177 0.110 0.016 1.857 30.6 29.6 22.2 45.0 36.7 31.5 12.6 115.9 1.46 1.15 0.37 7.09 0.11 0.08 0.11 1.51 97 83 51 505
0.385 0.254 0.070 2.981 50.8 46.9 28.0 99.6 76.1 60.8 30.3 335.1 3.13 1.98 0.69 22.50 0.40 0.35 0.13 4.14 205 155 59 1353
0.089 0.061 0.012 0.418 28.1 29.3 9.2 36.2 32.3 26.4 16.8 179.9 1.26 1.07 0.43 8.25 0.39 0.30 0.08 0.69 80 81 21 132
0.157 0.075 0.011 0.615 20.8 19.6 13.4 28.6 34.6 31.0 24.1 173.8 1.34 1.24 0.79 2.60 0.23 0.22 0.05 0.16 72 66 43 125
0.150 0.092 0.023 0.906 23.3 24.1 8.4 33.9 36.5 33.6 20.6 134.1 0.99 0.96 0.33 5.93 0.10 0.09 0.11 1.11 84 77 31 321
0.230 0.110 0.028 8.090 36.9 35.8 10.7 58.8 37.6 33.5 20.1 185.0 1.10 1.00 0.35 3.83 0.31 0.31 0.12 1.02 108 95 44 823
0.132 0.100 0.043 0.515 16.5 15.0 4.0 50.8 30.7 25.8 13.4 142.2 6.21 4.30 0.79 29.25 0.32 0.29 0.21 4.25 66 52 21 249
0.358 0.240 0.064 3.350 36.2 35.6 28.0 53.9 103.6 53.8 25.3 2521 4.55 1.80 0.54 55.70 0.68 0.58 0.15 2.27 244 182 84 1094
0.269 0.205 0.041 1.930 34.1 33.3 25.0 59.1 115.8 68.5 3.4 2055 3.22 1.59 0.48 73.20 0.52 0.39 0.18 2.51 167 119 61 1268
0.114 0.104 0.052 0.220 28.1 27.7 23.7 41.1 32.9 31.4 20.9 59.5 1.18 1.03 0.74 3.96 0.46 0.40 0.36 1.27 113 96 66 384
0.123 0.094 0.027 0.85 29.5 28.4 20.5 75.8 28.7 25.9 14.2 60.2 1.04 0.95 0.47 7.96 0.63 0.58 0.19 10.4 89 78 58 337
0.294 0.188 0.042 1.889 35.8 34.1 26.2 96.9 58.5 37.4 21.1 2073 1.25 1.12 0.65 3.81 0.86 0.66 0.17 1.32 155 132 66 749
0.082 0.060 0.016 0.279 29.6 28.9 24.4 43.9 26.5 22.7 17.8 97.0 1.43 1.14 0.77 14.28 0.52 0.48 0.17 0.68 97 93 70 181
0.191 0.114 0.028 2.618 37.5 37.5 16.9 59.4 48.4 39.1 20.6 461.0 1.23 1.10 0.43 5.82 0.27 0.24 0.13 10.8 140 107 50 2180
0.411 0.234 0.023 2.600 33.5 32.8 18.3 348.9 42.3 35.0 22.6 258.8 1.16 1.05 0.53 11.00 0.53 0.37 0.11 0.66 112 96 53 740
0.081 0.064 0.010 0.302 26.8 27.4 21.3 33.9 28.5 26.2 18.6 66.5 0.23 0.22 0.12 0.46 0.27 0.24 0.61 2.30 79 74 51 141
0.055 0.040 0.008 0.461 26.0 27.6 7.9 37.7 21.2 21.2 13.0 46.0 0.95 1.00 0.41 1.51 0.90 0.86 0.05 0.36 61 67 17 123
0.069 0.053 0.010 0.555 21.0 21.9 8.5 39.1 22.1 21.1 15.9 47.3 0.82 0.84 0.30 1.50 0.19 0.20 0.07 0.51 54 55 23 112
0.245 0.134 0.003 15.40 29.2 28.3 4.0 348.9 45.3 34.0 3.4 2521 1.72 1.05 0.05 73.20 0.23 0.23 0.03 10.8 112 92 13 2180
0.065 27.0 27.0 1.20 0.29 74
0.3 35 85 3.0 1.0d 140
10 210 530 15.0 720
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because their Igeo values range from 0 to 1. The remaining two cities,
Huhhot and Nanning, appear uncontaminated according to the deﬁni-
tion by Muller (1969). These ﬁndings suggest that Hg contamination
in urban soils is related to other trace metals, suggesting an increase
in the anthropogenic inputs caused by rapid economic development.
Several studies have reported that the fossil fuel Hg emission in
China is the largest anthropogenic Hg source (Feng, 2005; Jiang et al.,
2006), which makes China the largest Hg emitter in the world (Pacyna
et al., 2006, 2010; Pirrone et al., 2010; Streets et al., 2005; Tian et al.,
2010; Wu et al., 2006). These Hg emissions from coal combustion may
be deposited and accumulate in topsoil and are passed into urban
areas by atmospheric deposition.
4.2. Cadmium
Table 5 shows the three concentration contours that represent the
urban soil distribution of Cd: 0.30 mg·kg−1, the maximum permissible
concentration of Cd for agricultural soils in China (CEPA, 1995);
0.80 mg·kg−1, the target values for clean soils (VROM, 2000); and
1.00 mg·kg−1, the SVG values for Cd in soil (Environment Agency,
2009a). The estimated maps of Cd in the urban topsoils in Kunming,
Shenyang, Changsha, and Xi'an are presented in Fig. 6.
Hotspots of high Cd concentration were identiﬁed using geochemi-
cal maps of the western part of the Shenyang Tiexi Industrial District(Fig. 6a), which is the oldest and largest industrial zone in northeast
China (Li et al., 2009). One of the largest metallurgical industries in
China, the notorious Shenyang Smelting Plant was located in this area
for 64 years until it was closed down by the government because of
heavy pollution in 2000 (Sun et al., 2010). These ﬁndings suggest that
the large-scale smelting operations greatly contributed to the urban
soil contamination in the region.
In Xi'an, Cd has a spatial distribution pattern similar to that of Zn
(not shown); both have contamination hotspots located between the
second and third ring roads in the western section of the downtown
area (Fig. 6b). Here, strong associations were found between these
two metals, indicating that they originated from the same sources. Pre-
vious studies showed that Zn was mainly derived from industrial
sources, trafﬁc, and garbage in this area of city (Chen et al., 2012).
In contrast to the patterns observed in Shenyang and Xi'an, a high Cd
concentration was found across the whole city of Changsha along the
Xiangjiang River (Fig. 6c), upstream of which existed large-scalemining
of Pb, Zn, and Cd metals (soil Cd mean concentration: 10.34 mg·kg−1,
maximum value: 219.9 mg·kg−1) (Chen et al., 1999; Wei et al.,
2009b; Zhang et al., 2012). This observation suggests that excess soil
Cd was mainly derived from mining activities. Another area with a
high Cd concentration is located west of Kunming and stretches from
the northernmost area to the Dianchi Lake in the southernmost region
(Fig. 6d). The high Cd concentrations in Kunming are likely due to the
high geochemical Cd background level, whereas the low geochemical
Table 4
Geo-accumulation indexes (Igeo) and pollution indexes (PIs) of trace metals in urban soils of different cities in China.
Igeo PI
As Cd Cr Cu Hg Ni Pb Sb Se Zn As Cd Cr Cu Hg Ni Pb Sb Se Zn PI-ave PI-max IPI
Beijing −0.69 0.51a −0.59 0.06 3.13 −0.63 0.19 −0.13 1.12 0.01 0.27 0.24 0.58 0.87 1.35 0.69 0.39 0.32 0.26 0.64 0.56 1.35 1.04
Changchun −0.39 0.72 −0.66 −0.17 2.30 −0.70 −0.28 0.13 0.72 −0.11 0.44 0.26 0.62 0.82 0.44 0.72 0.39 0.37 0.26 0.63 0.49 0.82 0.68
Changsha −0.02 2.90 −0.33 0.03 1.06 −0.53 0.34 1.02 0.08 0.38 0.68 1.09 1.08 1.07 0.71 0.78 0.57 1.11 0.47 0.95 0.85 1.11 0.99
Chengdu −0.57 0.36 −0.61 0.18 3.13 −0.53 0.79 −0.03 2.32 0.32 0.46 0.29 0.80 1.45 2.23 1.10 0.67 0.41 0.40 1.01 0.88 2.23 1.70
Chongqing −0.45 0.70 −0.66 −0.37 0.49 −0.64 −0.24 −0.22 0.91 −0.20 0.20 0.35 0.75 0.83 0.39 0.87 0.39 0.27 0.29 0.74 0.51 0.87 0.71
Fuzhou −0.68 −0.51 −1.12 −0.15 1.71 −1.18 −0.52 0.55 −0.15 −0.55 0.23 0.32 0.37 0.87 1.72 0.45 0.84 0.24 0.38 0.92 0.63 1.72 1.30
Guangzhou −0.31 0.22 −0.26 0.45 1.19 −0.11 0.28 0.56 −0.19 0.63 0.65 0.43 0.55 1.33 1.77 0.56 1.02 0.93 0.54 1.18 0.90 1.77 1.40
Guiyang −0.39 0.26 −0.46 −0.37 0.50 −0.86 −0.03 0.27 0.63 −0.32 0.90 0.62 1.12 1.56 1.24 1.15 0.62 0.85 0.99 0.90 1.00 1.56 1.31
Harbin −0.68 0.41 −0.52 −0.33 2.26 −0.67 −0.02 −0.16 0.94 −0.18 0.29 0.20 0.56 0.68 0.50 0.66 0.39 0.29 0.23 0.59 0.44 0.68 0.57
Haikou −1.05 0.60 −0.54 −0.56 0.55 −0.38 −0.64 −0.48 −0.80 0.17 0.13 0.11 0.73 0.56 0.42 0.95 0.23 0.15 0.33 0.40 0.40 0.95 0.73
Hangzhou 0.00 0.18 −0.46 0.35 1.90 −0.54 0.31 0.53 1.03 0.09 0.24 0.24 0.62 0.85 1.08 0.72 0.45 0.30 0.37 0.73 0.56 1.08 0.86
Hefei −0.80 0.94 −0.78 −0.15 2.29 −0.90 0.08 −0.03 2.56 0.21 0.38 0.23 0.72 1.04 0.54 0.79 0.48 0.44 0.67 0.74 0.60 1.04 0.85
Huhhot −0.47 −0.59 −0.93 −1.06 −0.75 −0.94 −0.78 −0.60 −0.34 −0.97 0.29 0.12 0.48 0.42 0.06 0.55 0.19 0.23 0.11 0.32 0.28 0.55 0.44
Jinan −0.60 0.21 −0.02 −0.27 2.56 −0.61 0.20 −0.03 1.41 0.00 0.39 0.24 1.08 0.87 0.59 0.87 0.43 0.49 0.40 0.69 0.60 1.08 0.87
Kunming 0.27 2.25 −0.37 0.12 1.11 −0.33 0.25 0.93 0.72 0.65 0.54 2.61 1.10 3.52 1.28 1.45 0.90 1.04 0.39 1.46 1.43 3.52 2.69
Lanzhou −0.76 0.39 −0.59 −0.23 1.72 −0.68 0.12 −0.19 0.03 −0.25 0.40 0.33 0.64 0.78 0.30 0.80 0.38 0.42 0.23 0.57 0.49 0.80 0.66
Lhasa −0.48 −0.49 −0.59 −0.45 0.48 −0.48 −0.40 −0.30 −0.50 −0.43 0.71 0.16 0.42 0.63 0.52 0.59 0.41 0.45 0.10 0.51 0.45 0.71 0.60
Nanchang −0.45 0.82 −0.66 −0.27 1.25 −0.62 −0.18 −0.24 0.12 −0.29 0.33 0.23 0.69 0.79 0.50 0.66 0.43 0.33 0.31 0.60 0.49 0.79 0.66
Nanjing −0.60 0.27 −0.60 −0.13 2.45 −0.68 0.11 −0.52 1.18 −0.12 0.37 0.32 0.82 1.17 0.77 1.06 0.44 0.37 0.32 0.77 0.64 1.17 0.94
Nanning −0.45 1.04 −1.00 −0.53 −0.45 −0.99 −0.24 0.72 −0.12 −0.56 0.52 0.31 0.56 0.66 0.44 0.47 0.36 2.07 0.68 0.47 0.65 2.07 1.54
Shanghai −0.21 2.60 −0.21 0.63 1.67 −0.62 1.34 2.45 1.36 0.61 0.33 1.36 1.14 1.77 1.19 1.03 1.22 1.52 0.52 1.74 1.18 1.77 1.51
Shenyang −0.08 2.81 −0.47 0.51 2.16 −0.46 1.59 1.46 0.70 0.68 0.44 1.45 0.80 1.62 0.90 0.97 1.36 1.07 0.46 1.20 1.03 1.62 1.36
Shijiazhuang −0.75 1.09 −0.40 −0.15 1.93 −0.66 0.11 −0.17 2.49 0.31 0.33 0.36 0.72 0.77 0.38 0.80 0.39 0.39 0.63 0.80 0.56 0.80 0.69
Taiyuan −0.66 0.13 −0.46 0.09 1.27 −0.50 −0.05 −0.32 1.99 0.00 0.34 0.23 0.74 0.92 0.41 0.84 0.34 0.35 0.86 0.64 0.57 0.92 0.76
Tianjin −0.67 0.88 −0.41 0.22 2.71 −0.57 0.66 −0.11 1.31 0.32 0.38 0.52 0.93 1.39 0.98 1.02 0.69 0.42 0.52 1.11 0.80 1.39 1.13
Ürümqi −0.33 −0.01 −0.58 −0.36 1.25 −0.45 −0.04 0.08 −0.17 −0.15 0.49 0.26 0.59 0.98 0.27 0.84 0.31 0.48 0.27 0.69 0.52 0.98 0.78
Wuhan −0.44 1.25 −0.56 0.04 1.47 −0.64 0.39 −0.30 1.14 0.26 0.47 0.42 0.91 1.39 0.64 1.07 0.57 0.41 0.53 1.00 0.74 1.39 1.11
Xi'an −0.70 1.38 −0.55 −0.10 2.22 −0.50 0.27 −0.13 1.03 0.11 0.39 0.63 0.77 1.04 1.37 0.96 0.50 0.39 0.27 0.80 0.71 1.37 1.09
Xining −0.53 0.20 −0.92 −0.30 1.00 −0.54 −0.22 −0.58 −0.71 −0.19 0.41 0.30 0.59 0.79 0.27 0.77 0.34 0.08 0.90 0.56 0.50 0.90 0.73
Yinchuan −0.57 0.00 −0.68 −0.46 1.11 −0.56 −0.47 −0.51 0.31 −0.46 0.38 0.22 0.57 0.60 0.18 0.74 0.25 0.32 0.19 0.43 0.39 0.74 0.59
Zhengzhou −0.56 0.35 −0.47 −0.30 1.00 −0.60 −0.28 −0.37 1.19 −0.30 0.28 0.19 0.70 0.48 0.23 0.60 0.26 0.27 0.23 0.39 0.36 0.70 0.55
Mean −0.39 1.26 −0.53 0.07 1.96 −0.59 0.37 0.45 1.05 0.13 0.39 0.49 0.76 1.06 0.82 0.83 0.53 0.57 0.40 0.80 0.67 1.06 0.89
Max 0.27 2.90 −0.02 0.63 3.13 −0.11 1.59 2.45 2.56 0.68
a Number in bold represents a contamination metal in corresponding city.
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Table 5
The concentration contour values of trace metals and the corresponding limits to
legislation.
Concentration contour value (mg·kg−1)
As 12a 29b 55c
Cd 0.3d 0.8b 1.8e
Cr 100b 200d 380c
Cu 36b 63a 190c
Hg 0.1 0.3b 1.0e
Ni 35b 130e 210c
Pb 85b 140a 530c
Sb 3.0b 15c 20a
Se 0.4 1.0a
Zn 140b 360a 720c
a Limit to residential/parkland or commercial land listed in the Canadian Soil Quality
Guidelines for the Protection of Environmental and Human Health (CCME, 1999).
b Target value given by the Dutch soil guidelines (VROM, 2000).
c Intervention values given by the Dutch soil guidelines Environmental Quality Stan-
dards for Soils (VROM, 2000).
d Limits to agricultural soil given in its Environmental Quality Standards for Soils in
China (CEPA, 1995).
e Limit to the residential or allotment land listed in SVG (Environment Agency, 2009a,
2009b, 2009c).
41H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52Cd background values in Changsha, Xi'an, and Shenyang (Table 2) indi-
cate that the urban soil contamination in these areas is more likely
caused by other anthropogenic sources. This observation reﬁnes and
conﬁrms the results of the spatial pattern analysis.
The Igeo values of Cd in urban soils of the 31 cities vary from−0.59 to
2.90 (Table 4). Changsha, Shanghai, Shenyang, and Kunming show
moderate to heavy Cd contamination. Nanning, Shijiazhuang, Wuhan,
and Xi'an have Igeo values ranging from 1.04 to 1.38 and are classiﬁed
as moderately contaminated. The Igeo values in Fuzhou, Huhhot,
Lhasa, Ürümqi, and Yinchuan, however, are less than 0, indicating no
Cd contamination.
Statistics show that urban soils of 260 km2 (Table 6), approximately
1.7% of the total urban area, exceeded the limit for Cd soil allotmentFig. 2. Distribution of the average Hg concentration(Environment Agency, 2009a). However, Shenyang, Changsha,
Kunming, and Xi'an have a targeted value for urban soil area of 68,
56, 56, and 32 km2, respectively, accounting for 81.5% of the total
allotted area of soil. This observation indicates that the Cd contami-
nation of urban soils in Chinese cities is primarily distributed in
Shenyang, Changsha, Kunming, and Xi'an.
4.3. Lead
Before the 1980s, industrial factories, such as those for machinery,
metal casting, smelting, textile processing, and the chemical industry,
were located in the older and more central urban areas in China.
These factories, which operated on the long-term scale of industrial pro-
duction, contributed to the major pollution of the soils around them.
However, with the continuous growth of the economy and rapid ur-
banization, many of these plants have been closed or moved to other
locations because of serious pollution issues or changes in land use
by the local government. The heavy metal pollution in the soils
where these industrial factories and plants once stood remains an
unresolved problem.
Fig. 7 shows the high Pb concentrations in the identiﬁed hotspots
which were caused by an old smelting plant in Shenyang. In the cen-
tral area of the old urban regions in Shanghai, Pb contamination in
urban soils was caused by the long-term industrial activities. There-
fore, these ﬁndings conﬁrm that the primary source of Pb contamina-
tion is either old factory sites or the long-term industrial activities in
the area.
The average Igeo value for Pb in urban topsoils is 0.37, which
is remarkably less than those of Hg, Cd, and Se. Shanghai and
Shenyang, with Igeo values N1, are classiﬁed as moderately contami-
nated. All of the other cities have an Igeo value b1 (Table 4), which in-
dicates that the Pb contamination in urban soils may not be as
serious as expected.
Overall, approximately 2.4% of total urban areas, equivalent to
364 km2, exceeded the guideline value of 140 mg·kg−1 for residentialin the urban topsoils of different Chinese cities.
Fig. 3.Map of Hg distribution in the urban topsoil (a) and deep soil (b) in Chengdu.
Fig. 4.Map of Hg distribution in the urban topsoil (a) and deep soil (b) in Guangzhou.
Fig. 5.Map of Hg distribution in the urban
42 H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52and parkland soils (CCME, 2009). The Pb-contaminated areas are pri-
marily located in Shanghai (108 km2), Shenyang (80 km2), Guangzhou
(32 km2), Chengdu (24 km2), and Kunming (24 km2) (Table 6); these
cities account for 73.6% of the total contaminated areas. This observation
suggests that considerable attention should be given to Shanghai and
Shenyang because of the severity of their contamination.
4.4. Zinc
The spatial patterns of Zn in Shanghai and Kunming indicate that
high Zn concentrations (≥140 mg·kg−1) cover almost the entire
urban area (Fig. 8), indicating a signiﬁcant Zn contamination. A high
Zn concentration exists in the contamination hotspots in Shenyang
(Fig. 9a) and along the Xiangjiang River in Changsha (Fig. 10) and the
Zhujiang River in Guangzhou (Fig. 9b). No evident patterns of distribu-
tion of Zn were observed in deep soils, which strongly indicates a great
contribution from anthropogenic sources, as highlighted in previous
studies (Cai et al., 2013; Chen et al., 2007; Li et al., 2013; Shi et al.,
2008; Sun et al., 2010; Wei et al., 2009b).
The limits of the target and intervention values for Zn listed by the
Dutch are 140 and 720 mg·kg−1 (VROM, 2000), respectively. The
guideline values of 200 mg·kg−1 for residential areas and parkland
and 360 mg·kg−1 for commercial and industrial regions were
established by the Canadians (CCME, 1999). These values are useful
for assessing the risks to human health and the environment that
arise from exposure to contaminated soils. Nationally, approximately
12,536 km2 of urban topsoils accounts for 82.5% of the total area that
has a concentration of Zn lower than 140 mg·kg−1, which impliestopsoil (a) and deep soil (b) in Xi'an.
Fig. 6. Distribution of Cd in the urban soils of Shenyang (a), Xi'an (b), Changsha (c), and Kunming (d).
43H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52sustainable soil quality. However, an area of 1064 km2, accounting for
7.0% of the total area, exceeds the guideline value of 200 mg·kg−1
and is unﬁt for residential and parkland use. An area of 292 km2 was
found to be unsuitable for commercial and industrial land use, and an
area of 72 km2, distributed in Shanghai (16 km2), Shenyang (16 km2),
Wuhan (16 km2), Guangzhou (12 km2), Xi'an (4 km2), Nanjing
(4 km2), and Kunming (4 km2), requires immediate remediation
because topsoil Zn concentrations exceed 720 mg·kg−1 (Table 6).4.5. Copper
The target and intervention values of Cu in the Netherlands are 36
and 190 mg·kg−1 (VROM, 2000), respectively. The guideline values
for residential areas and parkland and commercial and industrial lands
in Canada are 63 and 91 mg·kg−1 (CCME, 1999), respectively. The
high Cu content in topsoil and deep soil is widely distributed in
Kunming, Yunnan Province and is observed more often in topsoils
than in deep soils (Fig. 11). A highly similar distribution pattern be-
tween the topsoils and the deep soils clearly shows the impact of the
native parent material on the spatial distribution of Cu in Kunming.
High Cu concentrations are found in two locations where the Cu geo-
chemical background is low, at the old smelting plant in Shenyang
and in the central area of the old urban regions in Shanghai
(Fig. 12), indicating that Cu contaminations are derived from anthro-
pogenic sources.
Cu in urban soils has a low average Igeo value of 0.07, which implies a
lower level of Cu contamination compared to Pb, Zn, and Cd. A total area
of 112 km2 exceeded the intervention value of 190 mg·kg−1 proposed
by VROM (2000). Kunming has the largest area (44 km2) of Cu contami-
nation and the highest average Cu content (126.7 mg·kg−1) compared to
other cities. In addition to Kunming, Shanghai (28 km2) and Guangzhou,Shenyang, and Tianjin (8 km2) are cities with the most widespread Cu
contamination in Chinese cities (Table 6).
4.6. Selenium
The atmospheric emissions of Se (and Hg) from coal combustion are
the primary sources of anthropogenic discharge and pollution. Discrim-
inating between anthropogenic and natural sources is important in
deﬁning the extent of pollution in areas where environmental legisla-
tion has not yet established intervention limits for soils. In China's geo-
logical complexity and the rapid development of its economy, elevated
concentrations of Se in urban soils are likely strongly inﬂuenced by an-
thropogenic contributions. In fact, recent studies have showed that the
Se emissions from coal combustion in China have increased from
639.69 t in 1980 to 2352.97 t in 2007 (Tian et al., 2010), a rapidly in-
creasing growth rate of 4.9%. The increasing Se emissions have elevated
the atmospheric Se concentration in urban areas, resulting in signiﬁcant
atmospheric pollution. The wide dispersion and deposition of dry and
wet Se over soil result in negative effects on the environment and public
health.
Fig. 13 presents the distribution of Se in the urban topsoils of
Guiyang in the Guizhou Province and Taiyuan in the Shanxi Province,
which are two of the largest coal-producing and coal-combusting prov-
inces. The samples with a high Se concentration ≥1.00 mg·kg−1
accounted for approximately 43.8% and 28.9% of the total samples
from each city, respectively, demonstrating the negative effects of Se
on the environment and public health according to the guideline value
(1 mg·kg−1) suggested by the CCME (2009).
However, naturally occurring Se may be important in deﬁning the
pattern of pollution in Guiyang urban areas where high Se geochemical
background is observed (mean Se content: 0.46 mg·kg−1). Although Se
emission from coal combustion in the Guizhou Province was 93.51 t in
Table 6
Summaries of the area and extent of metal contamination and the percentage of total area of each city in China.
Total areaa As ≥ 55b Cd ≥ 1.80 Cr ≥ 380 Cu ≥ 190 Hg ≥ 1.000 Ni N 130 Pb ≥ 140 Sb ≥ 20 Se ≥ 1.000 Zn ≥ 720 Total
Areac %d Area % Area % Area % Area % Area % Area % Area % Area % Area % Areae %f
Beijing 1044 60 13.6 4 0.7 64 6.1
Changchun 256 4 0.9 4 1.6
Changsha 784 20 31.3 68 26.2 8 2.2 16 2.8 112 14.3
Chengdu 400 4 3.6 40 9.1 24 6.6 68 17.0
Chongqing 480
Fuzhou 360 36 8.2 12 3.3 48 13.3
Guangzhou 344 8 7.1 44 10.0 32 8.8 4 6.7 12 16.7 100 29.1
Guiyang 320 16 25.0 4 1.5 8 1.8 8 2.2 140 24.6 176 55.0
Harbin 256 0.0
Haikou 176 8 66.7 0.0 8 4.5
Hangzhou 904 32 7.3 4 1.1 4 0.7 40 4.4
Hefei 144 4 0.9 0.0 20 3.5 24 16.7
Huhhot 312 0.0 0.0
Jinan 256 4 33.3 4 0.9 0.0 8 1.4 16 6.3
Kunming 344 12 18.8 56 21.5 44 39.3 20 4.5 24 6.6 4 6.7 12 2.1 4 5.6 176 51.2
Lanzhou 320 8 2.2 8 2.5
Lhasa 144 4 1.1 4 2.8
Nanchang 640 4 0.7 4 0.6
Nanjing 1148 12 4.6 4 3.6 24 5.5 16 4.4 4 0.7 4 5.6 64 5.6
Nanning 628 4 6.3 4 1.1 16 26.7 44 7.7 68 10.8
Shanghai 668 12 4.6 4 33.3 28 25.0 36 8.2 108 29.7 24 40.0 80 14.1 16 22.2 308 46.1
Shenyang 560 12 18.8 56 21.5 8 7.1 16 3.6 80 22.0 12 20.0 16 2.8 16 22.2 216 38.6
Shijiazhuang 168 0.0 0.0 8 1.4 8 4.8
Taiyuan 512 4 3.6 0.0 148 26.1 152 29.7
Tianjin 528 12 4.6 8 7.1 20 4.5 8 2.2 20 3.5 68 12.9
Ürümqi 224 0.0 0.0 0.0 0.0 0
Wuhan 896 8 3.1 4 33.3 4 3.6 20 4.5 16 4.4 40 7.0 16 22.2 108 12.1
Xi'an 768 32 12.3 72 16.4 4 33.3 8 2.2 4 5.6 120 15.6
Xining 112
Yinchuan 616
Zhengzhou 884
Total 15,196 64 260 12 112 440 12 364 60 568 72 1964 12.9
a Area of city, km2.
b Limit to intervention value established by the Dutch, mg·kg−1 (VROM, 2000).
c Area more than intervention value, km2.
d Ratio of areas more than intervention value to total areas of all cities.
e Total areas of all contamination metals in a given city.
f Ratio of total areas of contamination metals in a given city to its total areas.
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Fig. 7. Distribution of Pb in topsoil in Shenyang (a) and Shanghai (b).
45H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–522007 (Tian et al., 2010), anthropogenic sources are likely more impor-
tant than the natural background (mean Se content: 0.20 mg·kg−1) in
the elevated Se concentration of the urban soils in Taiyuan. In 2007,
the Se emission from coal combustion in the Shanxi Province was
142.60 t (Tian et al., 2010).
Moreover, elevated concentrations of Se in the topsoils in Shang-
hai are clearly caused by long-term industry activities, as shown by
both the strong correlation coefﬁcients of the logarithm of Se con-
centration, the logarithms of Pb (R2 = 0.6632), Zn (R2 = 0.6764),
Cu (R2 = 0.6478), Cu (R2 = 0.6478), Sb (R2 = 0.6601), Hg (R2 =
0.5381) and As (R2 = 0.6632) concentrations, and the low concen-
tration of Se in deep soil (Fig. 14).
The average Igeo value for Se in urban topsoils of the 31 cities is
1.05 (Table 4). According to Igeo, Chengdu, Hefei, Shijiazhuang, and
Taiyuan are classiﬁed as moderately to heavily contaminated,
whereas Beijing, Hangzhou, Jinan, Nanjing, Shanghai, Tianjin,
Wuhan, Xi'an, and Zhengzhou are classiﬁed as moderately contam-
inated. Fuzhou, Guangzhou, Haikou, Huhhot, Lhasa, Nanning,
Ürümqi, and Xining appear to be uncontaminated by Se.Fig. 8. Distribution of Zn in the topsoilA total of 568 km2 exceeded the guideline value (1 mg·kg−1) for
residential areas and parkland (CCME, 2009). The Se contamination in
Chinese cities is mainly concentrated in Guiyang (140 km2), Shanghai
(80 km2), Taiyuan (148 km2), Nanning (44 km2), and Wuhan (40 km2),
which accounts for 79.6% of the total contaminated area.
With the implementation ofWestern development strategies, an in-
crease in coal use in the power plants inWestern China will result in an
increase in Se emissions. Therefore, Se poses a serious threat to the en-
vironment and to human health not only in China but also around the
world, and considerable attention should be directed toward its poten-
tial negative effects.
4.7. Antimony
Two distribution patterns of Sb exist in the urban soils of the inves-
tigated cities. Fig. 15 shows that the high Sb concentration in topsoils is
primarily located in the Tiexi Industrial District in Shenyang, Liaoning
Province and in the old urban areas of Shanghai. The Sb geochemical
background is lower in deep soils of the two cities, however, clearlyof Shanghai (a) and Kunming (b).
Fig. 9. Distribution of Zn in the topsoil of Shenyang (a) and Guangzhou (b).
46 H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52indicating an anthropogenic contribution. A similar pattern exists in
Changsha, Hunan Province and in Kunming, Yunnan Province.
High Sb-levels are commonly found in all metal sulﬁde ores, partic-
ularly those of Pb and coal (Qi et al., 2008). The signiﬁcant correlations
(R2) for the concentrations in Sb and Pb are 0.7523 in Kunming,
0.8375 in Shanghai, 0.8036 in Shenyang and 0.5115 in Changsha, indi-
cating a dominant role of industry as a pollutant source.
On the other hand, the spatial distribution of Sb in topsoil and deep
soil in Nanning, Guangxi province shows a similar pattern. The average
concentration in topsoils is comparable to that in deep soils, demon-
strating the dominant role of the parent soil material as a Sb source.
According to Igeo, Sb in topsoils is classiﬁed as uncontaminated to
moderately contaminated. A sharp boundary is observed in some
Chinese cities, where the Igeo values decrease frommoderately to heavi-
ly contaminated in Shanghai (2.45), to moderately contaminated in
Shenyang (1.46) and Changsha (1.02), and from uncontaminated to
moderately contaminated in Kunming, Nanning, Guangzhou, Fuzhou,
Hangzhou, Guiyang, Changchun, and Ürümqi. Uncontaminated soil is
observed in the remaining 20 cities.
Statistics show that the region with Sb N 20 mg·kg−1 has an area of
60 km2 that is distributed in Shanghai (24 km2), Nanning (16 km2),
Shenyang (12 km2), Guangzhou (4 km2), and Kunming (4 km2). The
heaviest Sb contamination was observed in Shanghai.
4.8. Nickel
The average Igeo value for Ni in urban topsoils is−0.59, which indi-
cates that urban soils are uncontaminated by Ni at a national scale.Fig. 10. Distribution of Zn in the topsoil of Changsha.Moreover, only urban soils of 12 km2, of which 8 km2 in Haikou and
4 km2 in Xi'an, are unsuitable for residents according to the SVGs
drawn up by the Environment Agency (2009c), UK. Compared with
othermetal contaminations, Ni contaminations in urban soils of Chinese
cities are not serious.
4.9. Chromium
The contour map for Cr in urban topsoils and deep soils in Shanghai
is illustrated in Fig. 16.
Overall, Cr has a different distribution pattern from Pb, Zn, Hg, Cd,
Cu, and Sb in Shanghai, which implies a different main source. Two rel-
atively high concentrations or hotspots for Cr were found in the city,
with elevated levels compared with those in deep soils. The highest
level occurred in a hotspot in the northwestern region of the city, cross-
ing theOuter RingHighway and theWusongRiver,where Baoshan Steel
Company Limited, the biggest steel company in China, is located. This
spatial distribution of Cr indicates that industrial activities are the dom-
inant pollutant source.
Another hotspot is located in the southwestern region of the city
where the high Cr concentration stretches along the Huangpu River.
An overall Cr contamination with an average Igeo of –0.21 for
Shanghai can be deﬁned and classiﬁed as uncontaminated according
to the classiﬁcations for contamination by Muller (1969).
However, some isolated Cr contaminations with a Cr concentration
≥380 mg·kg−1 still exist in Shanghai (4 km2) and other cities such as
Jinan (4 km2) and Wuhan (4 km2). Compared to that of other metals,
the total area of Cr contamination is the smallest.
4.10. Arsenic
Two isolated areas with high As concentrations in the topsoils are
located in an old metallic smelting factory in Shenyang (Fig. 17a). The
larger regionwith high As concentrationwas also found in the northern
urban regions and near Dianchi Lake in Kunming (Fig. 17b), which is
consistent with the spatial distribution of Sb, Cu, Pb, Zn, Cd, Ni, and
Cr. Moreover, the As concentration in deep soils was low in these two
cities; both of these observations indicate an anthropogenic source for As.
An As pattern similar to that distributed along the Xiangjiang River
was discovered in Changsha, Hunan Province (Fig. 18). An elevated As
concentration in the topsoils was traced to numerous Pb–Zn and Sb
ore deposits and the corresponding metallic smelting factories located
in the upstream regions of Xiangjiang (Chen et al., 1999; Wei et al.,
2009a; Zhang et al., 2012).
Contamination with an average Igeo of −0.39 for As is classiﬁed as
uncontaminated. However, some local areas of contamination with As
concentrations≥55 mg·kg−1 still exist in Changsha (20 km2), Guiyang
(16 km2), Kunming (12 km2), Shenyang (12 km2), and Nanjing
(4 km2), although each has a small area of contamination.
Fig. 11. Geochemical maps of Cu in topsoil (a) and deep soil (b) in Kunming.
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The Igeo values of different metals in urban topsoils vary greatly in
different cities. Overall, the different elements can be arranged in
descending Igeo values, as follows: Hg (1.96) N Cd (1.26) N Se
(1.05) N Sb (0.45) N Pb (0.37) N Zn (0.13) N Cu (0.07) N As (−0.39) N
Cr (−0.53) N Ni (−0.59). These results imply that, on a national scale,
urban soils in China are moderately contaminated by Hg, Cd, and Se,
and the contamination levels of Cu, Sb, Pb, and Zn range from
uncontaminated to moderately contaminated. Urban soils may be
uncontaminated by As, Cr, and Ni, indicating that these three metals
are commonly derived from natural (geogenic) processes. The number
of cases of Igeo N 0 in the 31 cities is as follows: 29 for Hg, 26 for Cd, 23
for Se, 16 for Pb, 14 for Zn, 11 for Cu and Sb, 1 for As, and 0 for Cr and
Ni (Table 4). The Igeo of Hg is ranked ﬁrst, followed by Cd and Se,
among all metal contaminants in the urban soils of China. The area of
metal contamination is, respectively, as follows: 568 km2 for Se,Fig. 12. Geochemical maps of Cu in the urban440 km2 for Hg, 364 km2 for Pb, 260 km2 for Cd, 112 km2 for Cu,
64 km2 for As, 60 km2 for Sb, 12 km2 for Cr, and12 km2 for Ni
(Table 6). The areas ofmetal contamination are higher than the adopted
intervention values. This ﬁnding disagrees with previous studies on Pb,
Zn, and Cu in urban soils (Gu et al., 2009; Guo et al., 2012; Li and Huang,
2007). Therefore, considerable attention should be given to long-term
Hg, Cd, and Se contamination in urban soils in China.
6. Association of metal contaminations in different cities
The type of major industry in an urban area directly affects the
contamination level of metals and their association in soils. To
learn more about the associations among the metal contaminants
in each city, the statistics on the number of metals with Igeo N 0 are
presented in Table 4.
There are complex associations among the metal contaminants,
which varies greatly from one city to another and can be classiﬁed assoil of Shanghai (a) and Shenyang (b).
Fig. 13. Distribution of Se in the topsoil in Guiyang (a) and Taiyuan (b).
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Se, and Zn in Changsha, Hangzhou, Shanghai, and Shenyang; Cd, Cu, Hg,
Pb, Se, and Zn in Beijing, Chengdu, Tianjin, and Wuhan; Cd, Cu, Hg, Pb,
Sb, and Zn in Guangzhou; Cd, Pb, Zn, Hg, and Se in Hefei, Shijiazhuang,
and Xi'an; Cd, Hg, Sb, and Se in Changchun and Guiyang; Cd, Hg, Pb,
and Se in Jinan, Lanzhou, and Nanning; Cd, Hg, Cu, and Se in Taiyuan;
Cd, Hg, and Se in Chongqing, Harbin, Nanchang, and Zhengzhou; Cd,
Hg, and Zn in Haikou; Hg and Sb in Fuzhou and Ürümqi; Cd and Sb in
Nanning; Cd and Hg in Xining; Hg and Se in Yinchuan; Hg in Lhasa;
and no contaminant metals were found in Huhhot.Fig. 14. Distribution of Se in the topsoils and deep soils in Shanghai.7. Degree of contamination with trace metals
The 31cities can be arranged in descending IPIN values as
follows: Kunming (2.69) N Chengdu (1.70) N Nanning (1.54) N
Shanghai (1.51) NGuangzhou (1.40) N Shenyang (1.36) N Guiyang
(1.31) N Fuzhou (1.30) N Tianjin (1.13) N Wuhan (1.11) N Xi'an
(1.09) N Beijing (1.04) N Changsha (0.99) N Nanjing (0.94) N Jinan
(0.87) N Hangzhou (0.86) N Hefei (0.85) N Ürümqi (0.78) N Taiyuan
(0.76) N Haikou and Xining (0.73) N Chongqing (0.71) N Shijiazhuang
(0.69) N Changchun (0.68) N Lanzhou and Nanchang (0.66) N Lhasa
(0.60) N Yinchuan (0.59) N Harbin (0.57) N Zhengzhou (0.55) N Huhhot
(0.44) (Table 4). These results imply that Kunming is categorized
at a moderate pollution level, whereas Chengdu, Nanning, Shanghai,
Guangzhou, Shenyang, Guiyang, Fuzhou, Tianjin, Wuhan, Xi'an, and
Beijing are categorized at a slight pollution level. Changsha, Nanjing,
Jinan, Hangzhou, Hefei, Ürümqi, Taiyuan, Haikou, Xining, and Chongqing
are classiﬁed as under precaution, andShijiazhuang, Changchun, Lanzhou,
Nanchang, Lhasa, Yinchuan, Harbin, Zhengzhou, and Huhhot are within
the safe range of trace metal pollution.
However, IPIN is not the only indicator for assessing the degree
of metal contamination in a city. A higher weight of a given metal corre-
sponds to a higher concentration of the metal. The area of metal contam-
ination should be considered as an important parameter in assessing
whether themetal concentration in a city should be taken as the interven-
tion values or soil environmental quality guidelines. The computed con-
tamination area of each metal and the total area of contamination for
each city (including areas with metal co-contamination) are listed in
Table 6. The table shows that the total area of metal contamination and
the percentage of the urban area are as follows: Shanghai (308 km2,
46.1%), Shenyang (216 km2, 38.6%), Guiyang (176 km2, 55.0%), Kunming
(176 km2, 51.2%), Taiyuan (152 km2, 29.7%), Xi'an (120 km2, 15.6%),
Changsha (112 km2, 14.3%), Wuhan (108 km2, 12.1%), and Guangzhou
(100 km2, 29.1%). Other cities had less than 100 km2 of contaminated
area.
Thus, cities with a total area of metal contamination that exceeds
100 km2 should be paid attention when assessing the degree of
Fig. 15. Geochemical maps of Sb in Shanghai (a), Shenyang (b), Changsha (c), and Kunming (d).
49H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52contamination. Information on the quality of the environment is im-
portant in evaluating the sustainability of urban areas (van Kamp
et al., 2003). The information provided in this study will aid in theFig. 16. Distribution of Cr in the topsoil and deep soil in Shanghai.decision-making and sustainable urban planning of the various
local governments.8. Concluding remarks
The NMPRGS, sponsored by the China Geological Survey, has been
conducted since 1999. Up to 2012, the survey has already covered an
area of 1,650,000 km2 (Xi, 2009). The high-quality data collected on
trace metals has become the most systematic source of information
for the assessment of trace metal contamination in urban soils in
China. Only 10 trace metals and 31 metropolises were selected in this
study, but within the regions covered by the NMPRGS, other trace
metals and medium and small-sized cities (towns) will be selected for
similar studies. New contaminantmetals and the inﬂuence of other fac-
tors will be explored, and the degree of contamination of various types
and sizes of citieswill be assessed. These studieswill provide basic infor-
mation for the improvement of urban land use management and pollu-
tion prevention and control in China.
As shownbyour data, serious contaminations in urban area originat-
ed from factories that produced serious pollution, although many of
these plants have been closed or moved to other locations. However,
the inventories of factories that moved from an urban area are incom-
plete, both in detail and extent. Improving urban soil quality requires
understanding and identifying the pollution source and integrating in-
formation processing. Overall, a transparent system of urban land use
management is urgently needed.
Fig. 17. Distribution of As in the urban soil of Shenyang (a) and Kunming (b).
50 H. Cheng et al. / Journal of Geochemical Exploration 139 (2014) 31–52Complex co-contaminations of trace metals exist in many
cities. The current and potential threats need to be understood
so that suitable technologies can be developed to repair contami-
nated soil. However, changes in the concentrations of serious co-
contaminating trace metals in some cities such as, Shanghai,
Kunming, Shenyang, and Changsha need to be monitored before
ﬁnding a cost-effective remediation technology for soils that are
heavily polluted with metals.
The priority pollutants and limits for land use vary greatly in differ-
ent countries. Therefore, an international agreement on a guideline for
a common range of limits of soil pollutants is urgently needed. Although
a unique guideline for agricultural soils was issued in 1995 (CEPA,
1995), little legislation on urban soils and soil protection has been
established in China, whereas soil management legislation was already
enacted in Canada (CCME, 1999), the Netherlands (VROM, 2000), the
UK (Environment Agency, 2009a, 2009b, 2009c) and the USA (USEPA,
2012).
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